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ABSTRACT

Integration of Micropore and Nanopore Features with Optofluidic Waveguides for Single
Particle Sensing

Matthew R. Holmes
Department of Electrical and Computer Engineering, BYU
Doctor of Philosophy

This dissertation outlines the research and development of ground-breaking nanometer
sized openings (nanopores) integrated with an on-chip optofluidic platform. This platform
represents a significant advancement for single nanoparticle sensing. In this work specifically,
the integrated optofluidic platform has been used to electrically and optically filter and detect
single nanoparticles using ionic current blockade and fluorescence experiments. The correlation
of electrical and optical signal has provided the highest sensitivity single nanoparticle
measurements ever taken with integrated optofluidic platforms.
The particular optofluidic platform used for this work is an antiresonant reflecting optical
waveguide (ARROW). ARROW hollow and solid core waveguides are interference based
waveguides that are designed to guide light in low index media such as liquids and gases.
Because of this unique guiding property, ARROW hollow cores can be used to sense and analyze
low concentrations of single particles. Additionally, because ARROW platforms are based upon
standard silicon processing techniques and materials, they are miniature sized (~1 cm2),
inexpensive, highly parallelizable, provide a high degree of design flexibility, and can be
integrated with many different optical and electrical components and sources. Finally, because
of the miniature, integrated nature of the ARROW platform, it has the potential to be
incorporated into hand held devices that could provide quick, inexpensive, user-friendly
diagnostics.
The ARROW platform has been through many revisions in the past several years in an
attempt to improve performance and functionality. Specifically, advanced fabrication techniques
that have been used to decrease the production time, increase the yield, and improve the optical
quality of ARROW platforms are discussed in the first part of this work. These advancements
were all developed in order to facilitate the production of high quality integrated nanopores and
ARROW platforms. The second part of this work then focuses on the actual integration of
micrometer sized openings (micropores) and nanopores in the hollow waveguide section of
ARROW platforms for filtering, detecting, and analyzing single nanoparticles. The successes
and attempts at achieving these results are the basis of this dissertation of work.
Keywords: Matthew R. Holmes, antiresonant reflecting optical waveguide, SU8, piranha
(H2O2:H2SO4), photoluminescence, micropore, nanopore, ionic current blockade.
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1.1

INTRODUCTION

A Brief History of the Transistor: Scalable Technology
The microfabrication technology that makes the fabrication of integrated nanopores and

ARROW platforms possible was developed several decades ago and began with the invention of
the transistor.

Early in the 1940’s the problem of fabricating electronic circuits with

cumbersome vacuum tubes lead to the first conception and invention of an early solid state
transistor. At this time Shockley, Brattain, and Bardeen working at Bell Labs developed the
point-contact transistor and junction transistor [1]. Bell Labs later formally introduced the
transistor to the public in 1948, however, it gained little attention at first [1]. It was Shockley
that realized the importance and potential of the transistor as an amplifier and switching element
and founded his company Shockley Semiconductor. Because of personal conflicts, eight of his
employees left and started their own semiconductor companies such as Intel, Fairchild
Semiconductor, and Texas Instruments [1]. Early on it was realized that the transistor had the
potential to be used for complex binary operations or computations. However, initially the size,
cost, and complexity of creating transistors were very prohibitive.

Initially, in the 1960’s

transistors critical dimensions were on the order of 300 μm in size and they operated as standalone devices [1]. Gordon Moore, a co-founder of Intel, famously dictated his “Moore’s law” in
1965 which implied that transistor technologies should, for the same minimal component cost,
decrease by a factor of 2 in size every 2 years [2]. Since then this self fulfilling prophecy has
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been realized and innovative technologies have been developed to scale the transistors to very
small sizes. As a result it became possible to fit many transistors and other passive electronic
components on a single small silicon chip. This made the transistor an ideal element that
provided the motivation to develop the processes and equipment that is used to manufacture
integrated circuits and the companies and their founders, as well as others previously mentioned,
are largely credited with using transistors to invent integrated circuits. The technology used to
create integrated circuits has paved the way and been applied to many devices other than
transistors that are used in areas such as biology, physics, chemistry.

1.1.1

Integrated Electrical Circuits
Over the decades, since the invention of the transistor, as technology has progressed, the

need for faster, cheaper technologies have driven the scaling of transistors and electronics
components to very small sizes. As previously mentioned, this has lead to the creation of
integrated circuits (ICs) [1]. In electronics, IC is a miniaturized electronic circuit, consisting
mainly of semiconductor devices, as well as passive components, that has been manufactured
using a semiconductor substrate material. The integration of large numbers of tiny transistors
into a small chip was an enormous improvement over the manual assembly of circuits using
electronic components.

The integrated circuits mass production capability, reliability, and

building block approach to circuit design ensured the rapid adoption of standardized ICs in place
of designs using discrete or stand-alone transistors.
There are two main advantages of ICs over discrete circuits: cost and performance [3].
Cost is low because the ICs, with all their components, are printed as a unit by photolithography
rather than being constructed one transistor at a time. Furthermore, much less material is used to
construct a packaged IC than a discrete circuit. The performance is improved dramatically
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because IC components switch quickly and consume little power, compared to their discrete
counterparts, since their components are small and positioned closely together. As of 2011,
Intel’s IC areas are around 512 mm2, with up to 2.6 billion transistors on the entire IC [4].
Integrated circuits are used in almost all electronic equipment in use today and have
revolutionized the world of electronics. Computers, cellular phones, and other digital appliances
are now inextricable parts of the structure of modern societies, made possible by the low cost of
production of integrated circuits [5]. Until recently these integrated circuits have been largely
confined to the production of computer components. However, within the last two decades
highly advanced technologies have been developed to take the next innovative step by
combining optical elements with integrated circuits.

1.1.2

Integrated Optical Circuits

Over the past two decades, there has been a drive to create integrated electrical and optical
circuits, which consist of the combination of multiple electrical and optical components on a
miniaturized platform. An integrated optical circuit is a device that integrates multiple photonic
functions and as such is analogous to an electric integrated circuit [6]. The same low cost and
high performance benefits of integration that have been realized in the microelectronics industry
can also be achieved with integration of optical systems. The fabrication techniques are similar
to those used in electric integrated circuits in which photolithography is used to pattern wafers
for etching and material deposition. However, unlike electronic circuits where the primary
device is the transistor, there is no single dominant device. For integrated optical systems, it is
desirable to unite power splitters, optical amplifiers, optical modulators, filters, lasers and
detectors on single platforms, utilizing interconnecting low loss waveguide elements for
applications including optical computing, optical communication, and optical sensing [7].
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Optical sensing is a field that can greatly benefit from optical system integration. One of
the common optical sensing mechanisms used is fluorescence sensing, which is has been used in
the past for the sensing of single particle and biological molecules [8]. Fluorescence sensing has
also been used for studying protein dynamics [9], DNA interactions [10, 11], and ribosome
kinetics[12]. Currently, most of these fluorescence sensing experiments have been conducted
using traditional optical sensing platforms which use multiple expensive, bulky, complex,
diffraction limited optical components.

Some of the commonly used techniques for these

experiments include confocal microscopy [13], epifluorescence [8], evanescent field detection
[14], and near field scanning microscopy [15].

1.1.3

Optofluidics and Microfluidics
Currently, the development of integrated optics is almost exclusively based upon devices

that use waveguides to guide light in solid materials [16]. However, this work focuses on the
development of optofluidic hollow waveguides which have emerged over the last few years as
components which can be integrated with optical systems and for guiding light through low
index media such as gases and liquids[17]. Optofluidic waveguide platforms are based on the
combination of integrated microfluidics and optics.

Typically, a network of microfluidic

channels is used to deliver particles to optical elements for sensing and analysis. The use of
microfluidic channels allows particles to be analyzed in small volumes and at low concentrations
providing increased sensitivity and accuracy [17]. Microfluidics is also especially well suited for
the delivery and analysis of important biological particles such as DNA, viruses, bacteria, cells,
and other microorganisms [18]. Because of this microfluidic channels have been used for
medical diagnosis and intervention, drug discovery, environmental monitoring, and cell culturing
and manipulation.

Microfluidic channels are commonly fabricated using standard silicon
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technology processes which make them highly reconfigurable, scalable, parallelizable and
integratable with optical elements. Waveguides, sensors, and detectors are common optical
elements that are integrated with microfluidic channels to form optofluidic platforms commonly
referred to as “lab-on-a-chip” systems. Waveguides, specifically, offer the advantage of high
transmission of light through small liquid volumes over long distances with high accuracy and
sensitivity. Because of these properties, optofluidic hollow waveguides with liquid filled cores
offer exciting opportunities in many of the fields now using standard optical systems, including
optical sensing and manipulation of single cells, viruses, bacteria, and biomolecules [19].
Hollow waveguides with gas filled cores could also be used in applications for gas sensing,
optical computing, and quantum information processing.

Most of the hollow waveguides

demonstrated in the last few years utilize geometries and materials, such as optical fibers, that do
not allow for easy integration with planar platforms based on standard semiconductor fabrication
techniques. The first part of this work focuses on optofluidic hollow waveguides that are
suitable for integrated optical sensing on planar, semiconductor substrates. These optofluidic
hollow waveguides are interference based lossy waveguides that operate on the principle of the
antiresonant reflecting optical waveguide (ARROW), which allow for light to be guided in the
hollow core through gaseous or liquid media [20]. These waveguides are fabricated on silicon
substrates, using materials and processes that are compatible with the standard silicon processing
techniques used in the microelectronics industry such as plasma deposition and etching,
photolithography, metal deposition, and sacrificial material removal. Several unique fabrication
techniques have been developed for the fabrication of ARROW waveguides including an
optimized piranha mixture for sacrificial material removal and a low temperature SiN layer for
high sensitivity fluorescence measurements.

These waveguides have also been characterized
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optically by measuring their optical loss using several different methods, including a recently
developed scattering light method, which is able to non-destructively measure the propagation
loss of ARROW hollow waveguides. Because of the low cost, flexible, and parallelizable
fabrication techniques used, our integrated sensors are very scalable, and have potential for
integration with other electrical and optical elements.

Because of these many advantages,

integrated ARROW platforms could eventually allow for highly compact, portable sensing
systems for low cost clinical diagnostics or identification of chemical or biological agents.

1.1.4

Nanopores and ARROW Platforms
One of the greatest advantages of planar geometry and on-chip fabrication of the

ARROW hollow waveguides mentioned previously is their ability to be integrated with other
electrical and optical elements that are based upon silicon processing technology [21].

In this

work, specifically, our ARROW waveguides have been integrated with nanometer sized
openings or nanopores that are used to perform electrical ionic current blockading of single
particles [22]. Ionic current blockading is simply a decrease in the ionic current flow of a
buffered solution at an applied voltage when a particle translocates the nanopore. Because the
ARROW has a complex geometry and is fabricated with a thick dielectric stack it is necessary to
first fabricate a micrometer sized opening or micropore in the ARROW that allows access to a
thin SiN layer where a nanopore can later be created. The micropore is fabricated within the
regular fabrication of the ARROW waveguide by using a chrome stop etch layer and chrome
micropore etch mask to RIE etch through the top ARROW layers and expose an intact SiN layer
where the nanopore is milled [23].

The nanopores are fabricated using a focused ion beam

sculpting method which produced nanopores that can be tuned to very specific sizes and shapes
[24]. This allows the nanopore to effectively filter only particles that are smaller than the size of
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the nanopore. The size and shape of the nanopore also produces very sensitive and precise ionic
current blockading signatures as particles translocate the nanopore.

These ionic current

blockading signatures can then be used to filter, count, and determine the type of particle that
translocates the nanopore. Because of these unique properties nanopores have been previously
used for single particle applications such as coulter counters and DNA sequencing [25, 26],
however, their integration with ARROW represents a significant advance in high sensitivity
single particle filtering, sensing, and analysis. The reason for this is that for the the first time
integrated nanopores and ARROW waveguides potentially be used to correlate electrical ionic
current blockading and optical fluorescence signals to provide high sensitivity single particle
measurements. In this work, integrated nanopores and ARROW waveguide platforms have been
used to filter and count fluorescent nanobeads as they translocate the nanopore and enter the
ARROW hollow waveguide. Fluouresence Spectroscopy was then used to determine the particle
concentration and diffusion coefficient of the nanobeads when they reached an excitation volume
point in the ARROW waveguide that was at a distance of ~1 mm from the nanopore [27]. Work
has been done to correlate the number of nanobeads entering the ARROW through the nanopore
with the concentration of fluoresceing nanobeads in the ARROW excitation volume however this
work is not presented as since it is still in a preliminary stage. However, it is expected that the
electrical and optical integrated nanopore and ARROW platform single particle information will
be correlated to produce high sensitivity single particle measurement and analysis. Future
advancements in the fabrication processes and materials used to fabricate nanopores and
ARROW will also increase the sensitivity of single particle measurements [28]. One thing is
certain, integrated nanopores and ARROW platforms along with other other integrated electric
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and optical circuits, will certainly continue to play a prominent and important role in the
advancement of technology that will shape and influence our lives.

1.2

Contributions
The research covered in this dissertation is the product of collaboration with researchers

from the Applied Optics group at the University of California Santa Cruz (UCSC), lead by Dr.
Holger Schmidt. All integrated nanopore and ARROW platform fabrication steps, except for the
attachment of macroscopic fluid reservoirs and in some cases milling of nanopores, were
conducted exclusively in the Integrated Microfabrication Laboratory (IML) at BYU. The initial
structural and optical characterization of ARROW platforms was performed at BYU. However,
more detailed and in-depth optical and electrical characterization and testing of finished
ARROW platforms were conducted at UCSC.
This work in this dissertation mainly focuses on a landmark study of single nanoparticle
sensing using an innovative integrated on-chip nanopore and ARROW optofluidic platform.
This integrated approach has been used to perform optical and electrical experiments which have
achieved the highest sensitivity ever single nanoparticle measurements with on-chip optofluidic
platforms. My specific contributions to this work include:
•

Micropores – Micropores were developed within the framework of the standard ARROW
fabrication processes in order to expose a thin layer of SiN in the top of the hollow core
section of ARROW waveguides where nanopores could later be milled using a focused
ion beam (FIB) process.


Development of a robust AZ3330 photoresist liftoff fabrication processes that
reliably produces 8 μm x 8 μm chrome stop etch feature.
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Development of a robust SU8-3005 liftoff fabrication process that reliably creates
4 μm x 4 μm openings in a chrome micropore etch mask.

•

Nanopores – Nanopores were milled in SiN layers on the top of the hollow core section
of ARROW waveguides to allow gating and size filtering of single nanoparticles


Collaborated with UCSC researchers to determine the optimal design parameters
used to reliably FIB sculpt 20 – 200 nm nanopores in 120 – 130 nm SiN
membranes.



Independently fabricated 20 – 40 nm nanopores in 120 – 130 nm SiN membranes
on ARROW waveguides to create integrated nanopore and ARROW platforms.

•

Piranha Mixture – A piranha (H2SO4:H2O2) mixture was developed to remove highly
crosslinked SU8-10 sacrificial cores while preserving the optical and mechanical
functionality of the integrated nanopore and ARROW platform.


Developed an optimized piranha mixture model for etching specific sacrificial
core geometries that predicts the temperature, concentration, and etch rate that
will produce high yield, low production time ARROW hollow core platforms.



Increased the yield of 5 μm x 12 μm x 1cm ARROW hollow core platforms from
10% to 100% while also reducing the production time from 6 weeks to 5 days.

•

Low Photoluminescence SiN films – Low photoluminescence SiN films are used to
reduce the signal to noise ratio during single nanoparticle fluorescence experiments using
the ARROW platform, thereby providing more high sensitivity fluorescence
measurements.


Adjusted the parameters used during deposition of PECVD SiN films to produce
SiN films which had low photoluminescence.
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Adjusted the PECVD deposition substrate temperature from 250°C to 100°C to
produce SiN films that had 90% lower photoluminescence.

•

Optical and Mechanical Characterization – Optical and mechanical characterization of
ARROW platforms must be performed after each fabrication method modification in
order to ensure that it is still possible to achieve high sensitivity fluorescence detection
and sensing.


Measured the optical loss, transmission, surface roughness, change in thickness,
and change in refractive index of ARROW platforms exposed to the optimal
piranha mixture and ARROW platforms fabricated with low photoluminescence
SiN.



Determined that the surface roughness increases and the thickness decreases when
SiN films are exposed to the optimal piranha mixture. However, the tolerance of
the ARROW design can accommodate these changes so that they do not
significantly alter the optical or mechanical properties of the ARROW platform.



Developed the initial setup and system to measure ARROW platform optical loss,
transmission, and coupling efficiency using a scattering light intensity method.

These research accomplishments represent a significant contribution and advancement in
the field of integrated optofluidics.

This has already been demonstrated in a variety of

applications including: ionic current blockading and fluorescence detection and analysis of size
selected and controlled single particles, viruses, and ribosomes, surface-enhanced Raman
scattering (SERS) detection, optical trapping of particles, and the measurement of the
concentration of particle and bacteria. To date, parts of my research have been published in 5
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peer reviewed journal articles and included in 6 conference presentations and papers. While this
work represents a significant and important contribution to the advancement of integrated
nanopores and ARROW platforms, there is still great potential for further improvements and
many additional ARROW platform applications in optics, biology, chemistry and other areas.

1.3

Organization

This dissertation describes the Integration of nanopore features with ARROW hollow
waveguides for high sensitivity integrated lab-on-a-chip optofluidic platform systems that are
used for single particle sensing and analysis. In the process of developing these optofluidic
systems, fabrication improvements were made to create low loss hollow ARROW hollow
waveguides. The hollow and solid waveguides are integrated on the ARROW platforms that are
used to perform optical sensing, manipulation, atomic spectroscopy, and single molecule
detection and analysis. Chapter 1 presents a brief introduction describing the background and
previous state of the art work that has motivated the integration of nanopores and ARROW
waveguides. This leads into Chapter 2 which describes and presents a more indepth explanation
of the theory of operation ARROW waveguides. Specifically, the Anti-resonance condition and
the theoretical waveguide characteristics that result in low loss guiding are reviewed and
explained in detail. Theoretical low loss characteristics are simulated and explained for various
ARROW waveguide designs.

Numerical solutions of 2D simulations of different ARROW

waveguide designs are presented and examined to understand how structural dimensions of the
ARROW waveguide are chosen for low propagation loss and optimal optical characteristics of
the ARROW. Next, in Chapter 3 the semiconductor processes used to fabricate ARROW
waveguides are reviewed, including some of the key fabrication process that determines the
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optical characteristics of the ARROW. These processes include plasma deposition of SiN and
SiO2, photolithography of different photoresists, sacrificial core processing, plasma etching of
SiN and SiO2. Finally, the combination of these processes which are used to fabricate integrated
ARROW platforms are described in detail.

Within the fabrication processes of ARROW

waveguides two new fabrication methods were developed to provide high yield, low production
time, low photoluminescence ARROW waveguides. The first method, described in Chapter 4, is
the development of a piranha acid mixture that effectively removes SU8 photoresist producing
faster etch times and higher ARROW platform yields. The effects of the piranha mixture on the
optical characteristics of the ARROW waveguide and results are also discussed. The second
fabrication method, described in Chapter 5, is the use of PECVD silicon nitride (SiN) and silicon
dioxide (SiO2) films deposited at low substrate deposition temperatures for the construction of
reduced stress low photoluminescence ARROW waveguides. They were also optically and
mechanically characterized to ensure that the waveguide characteristics of the ARROW
platforms are maintained.

Once the ARROW waveguides are successfully fabricated an

important characteristic measurement of their quality is optical loss. If they have been fabricated
according to design they should exhibit low optical losses. Several methods for characterizing
and measuring the optical loss of ARROW waveguides are described in detail in Chapter 6.
Once the optical characteristics of the ARROW have been analyzed and determined to be of a
high quality or have low optical losses, subsequent semiconductor fabrication processes can be
used to integrate the ARROW waveguides with other electrical or optical elements to provide
additional functionality. Chapter 7 describes the fabrication, theory, modeling, and results of
nanopores integrated with ARROW waveguides.

Nanopores are simply nanometersized

openings in the top layers of the ARROW platforms that allow additional single particle size
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filtering and sensing using electrical ionic current blockading. The results of nanopore ionic
current blockades and ARROW fluorescence experiments are demonstrated and compared to
prove that it is possible to use the ARROW platform to take sensitive single particle
measurements.

Finally, Chapter 8 summarizes and discusses several important ways that

integrated nanopores and ARROW waveguides should be improved upon optically and
electrically, an advanced integrated nanopore platform for DNA sequencing, and several ideas
for high volume production of integrated nanopores and ARROW waveguides in the future.
Following the body of the dissertation, a list of publications and several appendices are
included. Appendix A contains detailed descriptions and recipes of each fabrication process
used for the construction of ARROW platforms, micropores, and nanopore features.

Finally,

Appendix B contains the specific ARROW platform layer designs used in this work.

1.4

Summary
This work introduces for the first time the integration of nanopores with ARROW

platforms.

The integrated nanopore and ARROW platform have been used to perform ionic

current blockading and fluorescence experiments with single nanoparticles. This has enabled the
correlation of electrical and optical signals from single nanoparticles which in turn has provided
the highest ever sensitivity detection of single nanoparticles with integrated on-chip optofluidic
platforms. In order for these results to be possible several innovative fabrication techniques,
such as the optimization of a piranha mixture and fabrication of a low photoluminescence SiN
film, were also developed to enhance the integrated nanopore and ARROW platform optical and
mechanical capabilities. All of these ground breaking developments and advancements have
come through significant contributions on my part to conceptual, theoretical, design, simulation,
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modeling, fabrication, packaging, characterization, and testing of integrated nanopore and
ARROW platforms.

14

2

2.1

ARROW WAVEGUIDE BACKGROUND

Introduction
Waveguides are used to transfer electromagnetic power efficiently from one point in

space to another. A waveguide is a structure which guides waves, such as electromagnetic
waves or sound waves. There are different types of waveguide for each type of wave.
Waveguides differ in their geometry which can confine energy in one dimension such as in slab
waveguides or two dimensions as in fiber or channel waveguides. In addition, different
waveguides are needed to guide different frequencies: an optical fiber guiding light that is high
frequency will not guide microwaves which have a much lower frequency. As a rule of thumb,
the width of a waveguide needs to be of the same order of magnitude as the wavelength of the
guided wave.
Some common guiding structures are shown in the Figure 2.1 below. These include the
typical coaxial cable, the two-wire and micro-strip transmission lines, hollow conducting
waveguides, and optical fibers [29]. In practice, the choice of structure is dictated by the desired
operating frequency band, the amount of power to be transferred, and the amount of transmission
losses that can be tolerated. Another issue is the single-mode operation of the line. At higher
frequencies, in order to prevent higher modes from being launched, the diameters of the
waveguide must be reduced, diminishing the amount of power that can be transmitted.

15

(a)

(b)

(c)

(d)

(e)

Figure 2.1: Different types of waveguides. (a) Coaxial, (b) Two-wire line, (c) Micro-strip Line, (d)
Rectangular Waveguide, and (e) Dielectric Waveguide [29].

2.2

Optical Waveguides
An optical waveguide is a physical structure that guides electromagnetic waves in the

optical spectrum. Common types of optical waveguides include optical fiber and rectangular
waveguides. Optical waveguides are used as components in integrated optical circuits or as the
transmission medium in local and long haul optical communication systems.

Optical

waveguides can be classified according to their geometry as planar, strip, or fiber waveguides,
mode structure as single-mode or multi-mode, refractive index distribution as step or gradient
index and material as glass, polymer, or semiconductor [29].

We will be discussing and

performing experiments using a specialized type of optical waveguide that is interference based
and operates using anti-resonance reflection. This waveguide is traditionally classified as a leaky
mode waveguide meaning that the electric field in the waveguide decays monotonically for a
finite distance in the transverse direction but becomes oscillatory everywhere beyond that finite
distance. This causes the mode to gradually leak out of the waveguide as it travels down it,
producing attenuation evenif the waveguide is perfectly designed and fabricated. However this
particular anti-resonant reflecting optical waveguide (ARROW) [30] is able to achieve low
losses because of its unique properties that will be discussed in following sections.
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2.3

Total Internal Reflection Waveguide Theory
Traditionally, optical waveguides for integrated optics use the principle of total internal

reﬂection (TIR) to confine light in a waveguide by surrounding a high refractive index core
region of the waveguide with a lower refractive index cladding material [7]. Figure 2.2 shows a
diagram of a traditional optical waveguide that confines light through TIR off of the interface
between the high refractive index core and low refractive index cladding material.

Figure 2.2: Diagram of a traditional optical waveguide guiding light using total internal reflection [31].

In order for this type of waveguide to confine light however, the angle of the incident light, θincd,
in the waveguide must be greater than the a critical angle θcrit. Snell’s law is used to determine
the transmission angle, θtrans, and this critical angle, θcrit, of incident light based upon the relation
between the index of refraction of the core, ncore, the angle of incidence, θincd, the index of
refraction of the cladding layer, nclad, and the angle of the light transmitted into the second
material, θtrans which is:
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𝑛𝑐𝑜𝑟𝑒 sin(𝜃𝑖𝑛𝑐𝑑 ) = 𝑛𝑐𝑙𝑎𝑑 sin(𝜃𝑡𝑟𝑎𝑛𝑠 ).

(2.1)

Rearranging Snell’s law we can obtain the transmission angle, θtrans:

𝑛

𝜃𝑡𝑟𝑎𝑛𝑠 = 𝑠𝑖𝑛−1 �𝑛𝑐𝑜𝑟𝑒 sin(𝜃𝑖𝑛𝑐𝑑 )�,

(2.2)

𝑐𝑙𝑎𝑑

and to find the critical angle, θcrit, we rearrange Snell’s law once again:

𝑛

sin(𝜃𝑡𝑟𝑎𝑛𝑠 ) = �𝑛𝑐𝑜𝑟𝑒 sin(𝜃𝑖𝑛𝑐𝑑 )�,

(2.3)

𝑐𝑙𝑎𝑑

and setting sin(𝜃𝑡𝑟𝑎𝑛𝑠 ) = 1 for TIR we can obtain the critical angle as:
𝑛

𝜃𝑐𝑟𝑖𝑡 = 𝜃𝑖𝑛𝑐𝑑 = 𝑠𝑖𝑛−1 �𝑛𝑐𝑙𝑎𝑑 �.

(2.4)

𝑐𝑜𝑟𝑒

For cases when θincd > θcrit, light is total-internally reflected at the high/lower refractive index
interface and does not propagate in the cladding material. For cases where ncore > nclad, the
critical angle, θcrit, is the angle of incidence at which the right side of Equation (2.2) becomes
imaginary. For incident angles less than the critical angle, light is partially reflected at the
interface between the core and cladding and partially transmitted into the cladding material.
Therefore, one important measurement that is used for characterizing how well TIR is confining
light in waveguides is the propagation loss of the waveguide. As light travels the distance of the
waveguide, the optical loss gives a measure of how much optical power is lost due to
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transmission into the cladding material. The optical power, Pz after the light travels a distance, z,
in the waveguide is given by:

𝑃𝑧 = 𝑃0 𝑒 −𝛼𝑤𝑔𝑧 ,

(2.5)

where P0 is the original optical power and αwg is the waveguide loss coefficient and is given in
units of cm-1 throughout this dissertation. If the waveguide is designed well such that θincd > θcrit
light can propagate down a TIR based waveguides with little loss. The most common TIR-based
waveguides are optical fibers, which can carry light signals for hundreds of miles with typical
attenuation losses of 0.4 – 0.3 dB/km [32].

2.3.1

Waveguides Based on Total Internal Reflection
TIR based solid core waveguides are common in integrated optics and are easy to

fabricate for a wide variety of different applications. However, guiding light using TIR with
waveguides that have gas or liquid cores is difficult because most waveguide cladding materials
used in integrated optics have high indexes. Some of the common cladding materials used in
integrated optics include polymers and silicon-based dielectrics, which have indexes in the range
of n = 1.4 – 3.5, which is higher than water (n = 1.33) and most aqueous solutions or gases
(n=1.00), making TIR-based waveguides impossible. There are no known materials which have
indexes lower than air in the visible and near infrared (IR) wavelength range, so TIR based
waveguides cannot be created with gaseous cores. There are unconventional materials that have
indexes lower than water that would allow for TIR based waveguides with liquid-filled cores.
One class of materials that can be tailored to have refractive indexes that are less than
water

is

polytetrafluoroethylene

(PTFE)

which
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is

a

synthetic

fluoropolymer

of

tetrafluoroethylene and is most well known as Teflon AF (Dupont) [33]. Figure 2.3 shows an
SEM image of a solid core waveguide that uses Teflon AF as its cladding material. Teflon AF is
optically transparent and can have an index as low as 1.29 [33].

Liquid-core Teflon AF

waveguides have been successfully demonstrated with cylindrical geometries by depositing thin
cladding layers of Teflon AF on glass tubes [34, 35]. Planar liquid-core waveguides have also
been created using Teflon AF as both the cladding layer and bonding material with silicon
microchannels [36].

These devices were used to demonstrate low-loss waveguiding and

fluorescence detection of dye with nanomolar concentrations [36]. However, because Teflon AF
material is a polymer it is difficult to deposit Teflon AF cladding layers with uniform
thicknesses.

Figure 2.3: An SEM diagram of a silicon waveguide covered with Teflon [37].

Figure 2.3 shows that the Teflon AF coating is thicker at the crevice of the silicon waveguide
indicating that it tends to planarize during deposition which is common among most polymers. It
is also difficult to obtain good substrate adhesion using Teflon AF coatings because of its
intrinsic inertness. Due to the extreme hydrophobicity of Teflon AF, it is also very difficult to
fill miniature microchannels with water. To date, multimode liquid-core waveguides with large
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core sizes of 200-500 mm have been fabricated with Teflon AF claddings that have relatively
large thickness fluctuations, but it is difficult to achieve single-mode waveguiding with this type
of waveguide.
Another class of low-index materials that have been used with liquid-core waveguides is
nanoporous films as shown in Figure 2.4. These films consist of conventional high-index solid
materials that are deposited in such a way that a high degree of nanopore cavities filled with air
are formed within the solid. The incorporation of air effectively lowers the index refraction of
the film to value that is an intermediate of air and the solid material, and can produce films with
refractive indexes from n = 1.15 – 1.37 [38]. Nanoporous films have been used as cladding
layers for liquid-core slab [38] and 2D [39] waveguides with low propagation losses. However,
as with Teflon AF waveguide claddings, achieving good film adhesion and deposition uniformity
is also challenging with nanoporous claddings.

Although both of these approaches have

promising potential for liquid-core waveguiding, they also present many challenging fabrication
difficulties for planar integration of single-mode waveguides.

(a)

(b)

Figure 2.4: SEM images of nanoporous SiO2 films (a) zoomed out and (b) zoomed in [38].

The final type of waveguide mentioned here is the slot waveguide, in which index-guiding can
be realized with nano-sized cross sections [40]. A slot-waveguide consists of two slabs of high
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refractive index materials separated by a sub-wavelength scale low refractive index slot region
that is surrounded by low-refractive-index cladding materials as shown in Figure 2.5. Typically,
a 100 nm wide slot is formed between the high-index materials that support optical modes.
Because of the small dimensions of the slot waveguide, the evanescent tail of the guided light
extends into the slot, and the structure is designed so that a substantial portion of the optical
power is confined to the low index slot. Using this mechanism, up to 30% of the optical power
can be confined in a 100 nm air filled core [41]. This mechanism has only been demonstrated
with air filled slots so far, but it should be possible fabricate fluid filled slot waveguides, as well.
However, this type of waveguide is not a true hollow-core waveguide, since the optical mode is
not actually confined to the slot region.

Figure 2.5: An SEM image of a silicon slot waveguide [42].

2.4

Interference Based Hollow Waveguides
Interference based waveguides are another class of waveguides for guiding light in low

refractive index materials. Interference based waveguides work by confining light to a lowindex region by optical interference of the guided light. The structure of the cladding layers then
create multiple reflections of the electric field of the light that can be made to interfere
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constructively or destructively. Light is partially reflected at the interface of each cladding layer
so that by using a very large number of cladding layers, near-perfect reflection into the low-index
core can be achieved. If the cladding layers are repeated periodically and extend to infinity, the
partial reflections are equivalent to the Bragg reflections from X-ray material analysis [43]. The
electric field propagation through the structure resembles wave propagation through a crystalline
material, and so this type of structure is called a photonic crystal (PC). Photonic-crystal fibers
(PCF) are 2D implementations of the PC interference based Waveguiding principle. The cross
section of a hollow-core PCF is shown in Figure 2.6(c) [44], which typically consists of a 5-20
mm hollow core surrounded by a periodic arrangement of air-filled holes in a silica framework
[45]. The spatial structure of the air gaps determines the properties of light propagation along
the hollow fiber. This type of structure is usually fabricated by stacking glass tubes together into
a preform which is then drawn into a micron-scale fiber with standard optical fiber drawing
techniques [40]. Hollow core PCFs have been demonstrated with gas [46] and liquid-filled
center cores [47].
Slab waveguides based on the Bragg reflection mechanism were first proposed in 1976
[48] as shown in Figure 2.6(b) Bragg reflections can also be used to create waveguides with
cylindrical cross sections, similar to optical fibers. Bragg fibers have been demonstrated with
dielectric layers on the inside surfaces of a hollow tube, as shown in Figure 2.6(a). The first
demonstrations of optical waveguiding with an air-core Bragg fiber used large core diameters 2
mm and periodic tellurium and polystyrene cladding layers with a high refractive index contrast
[49]. The cladding layers for a Bragg fiber can be designed to be highly reflective for all
incident angles, forming an Omniguide as shown in Figure 2.6(d), which can produce low-loss
light guiding around bends [50].
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However, both Bragg and photonic crystal fibers are both difficult to integrate into planar
geometries for compact, integrated optics sensing platforms.

Another type of interference

waveguides are anti-resonant reflecting optical waveguides (ARROWs).

The next section

contains an in-depth discussion of the theoretical operation of ARROW waveguides which are a
main focus of this dissertation.

(a)

(b)

(d)

(c)

Figure 2.6: Interference-based hollow waveguides: (a) An SEM of a hollow core photonic crystal fiber, (b) An
SEM of a planar integrated Bragg waveguide, (c) A Diagram of a cylindrical Bragg fiber, and (d) An SEM of
an Omniguide.
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2.4.1

ARROW Waveguide Theory
The first ARROW waveguides were proposed and demonstrated by a group at Bell Labs

in 1986 [51]. ARROWs rely upon reflections from higher refractive index cladding layers to
create constructive interference and waveguiding in a low refractive index core like other
interference based waveguides. The theory behind the guiding of light in a simple solid core
ARROW waveguide is shown in Figure 2.7 with core refractive index and core thickness labeled
ncore and dc, respectively.

Figure 2.7: Diagram of a low refractive index solid core ARROW waveguide bounded on the upper and lower
surface by higher index anti-resonant reflecting cladding layers. The cladding layers are surrounded by air
on the top and sides and the substrate on the bottom [30].

For this waveguide the light is confined in the core by interference created by the higher
refractive index anti-resonant cladding layers, nj and ni.

Also the profile of the guided

fundamental mode is shown as the solid red parabolic line at the right side of the ARROW. The
mode is a standing wave with a node at the interface between the core and the anti-resonant
layer, and the mode evanescently decays to zero amplitude just outside the anti-resonant layers
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[52]. The light reflected back into the core must interfere constructively in order to confine light
to the low index core and create a standing wave. If the core layer is thick compared to the
propagation wavelength, the evanescent tail of the mode extends negligibly into the air above the
waveguide. This allows for the theoretical confinement of more than 99% of the optical power
in the low refractive index core. For this case, the critical angle in the core, θcrit, is very small
and can be approximated by:

sin(𝜃𝑐𝑟𝑖𝑡 ) ≈

𝜆

2𝑛𝑐𝑜𝑟𝑒 𝑑𝑐

,

(2.6)

where the critical angle, θcrit, is measured from the interface with the core surface [51]. As light
propagates down the waveguide, the light continues to be incident on the horizontal interfaces
with angle θcrit. At the interface with the lower cladding layer, as shown in Figure 2.7, the light
refracts into the jth cladding layer, which has the refractive index nj. The refracted angle in the
cladding layer, θj, can be found using Snell’s Law for the refraction at this interface to be:

𝜃𝑗 = 𝑐𝑜𝑠 −1 �

𝑛𝑐𝑜𝑟𝑒
𝑛𝑗

𝑐𝑜𝑠(𝜃𝑐𝑟𝑖𝑡 )�.

(2.7)

The ARROW waveguide is then created by forming a Fabry-Perot cavity in the transverse
direction, with cladding layers that function as Fabry-Perot etalons. A Fabry-Perot etalon is in
resonance when the light in a layer constructively interferes with itself, resulting in high
transmission. Anti-resonance occurs when the light in the layer destructively interferes with
itself, resulting in no transmission through the etalon. For this destructive interference to occur
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in the cladding materials, the light wave must undergo a round trip phase shift in the jth cladding
layer given by

𝛷 = 2𝑡𝑗 𝑘𝑇 + 𝛷𝑟 = (2𝑁 − 1)𝜋,

(2.8)

where tj is the thickness of the jth cladding layer and Φr is the total phase shift from reflection at
the two interfaces with the adjacent layers. For optical reflections, the phase shift is zero when
transmitting from a high refractive index to a low refractive index material, while a 180° phaseshift occurs for transmission from a low refractive index to a high refractive index material.
Since the index of the first cladding layer is higher than both the low-index core above it and the
next cladding layer below it, Φr = 0. For the lower-index second cladding layer, the interface
reflections produce Φr = 2π, which only changes the value of N in Equation (2.8). With Φr = 0,
Equation (2.8) becomes:

𝛷 = (2𝑁 − 1)𝜋 = 2𝑡𝑗 𝑘𝑇 = 2𝑡𝑗

2𝜋
𝜆

𝑛𝑗 𝑠𝑖𝑛(𝜃𝑖 ).

(2.9)

Using the trigonometric identity:

𝑠𝑖𝑛2 (𝜃) + 𝑐𝑜𝑠 2 (𝜃) = 1,

(2.10)

and substituting Equation (2.6) into Equation (2.2) to solve for 𝑐𝑜𝑠 2 (𝜃𝑗 ), we obtain:
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𝑐𝑜𝑠 2 (𝜃𝑗 ) =

2
𝑛𝑐𝑜𝑟𝑒

𝑛𝑗2

𝜆2

�1 − 4𝑛2

2
𝑐𝑜𝑟𝑒 𝑑𝑐

�.

(2.11)

Using this result, Equation (2.11) can be rewritten as:

(2𝑁 − 1) =

4𝑡𝑗 𝑛𝑗
𝜆

2
𝑛𝑐𝑜𝑟𝑒

�1 − �

𝑛𝑗2

𝜆2

�1 − 4𝑛2 𝑑2 ��.

(2.12)

𝑐 𝑐

Equation (2.12) can easily be rearranged to solve for tj, which yields [53]:

𝑡𝑗 =

𝜆

4𝑛𝑗

(2𝑛 − 1) �1 −

𝑛𝑐2
𝑛𝑗2

𝜆2

+ 4𝑛2 𝑑2 �
𝑗 𝑐

−

1
2

, 𝑁 = 1, 2, … , ,

(2.13)

which is the classical anti-resonant layer thickness condition for an ARROW waveguide [51]. A
cladding layer in anti-resonance can be highly reflective, and a structure employing anti-resonant
layers around a guiding core can provide very good light confinement and low-loss propagation
even in a low index core material such as a liquid or gas. To minimize the loss of the leaky
waveguide mode, the thickness of each cladding layer, tj, is chosen to satisfy the anti-resonant
condition shown in Equation (2.13). An additional benefit of this type ARROW light guiding
mechanism is that it does not require periodicity of the cladding layers for optical confinement.
Each cladding layer must only have the correct thickness, tj, and refractive index, nj, to satisfy
the conditions in Equation (2.13) to function as an anti-resonant layer. While only a single antiresonant cladding layer below the core is necessary to confine of most of the optical power to the
core, additional anti-resonant layers provide higher confinement and lower waveguide loss.
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ARROW waveguides were first used as solid state waveguides by fabricating a silicon
dioxide (SiO2) waveguide core on silicon, using a high-index polysilicon anti-resonant layer and
another SiO2 buffer layer between the substrate and the core [51]. Later, ARROWs were used in
semiconductor lasers [54, 55]. ARROWs with hollow-cores were first demonstrated in 1995
with 20 mm x 20 mm capillaries and anti-resonant layers of TiO2 and SiO2 [56]. Recently, we
have demonstrated liquid core ARROW waveguides using silicon nitride (SiN) and SiO2 on
silicon substrates. Large, multimode (dc > 100 mm) ARROWs were demonstrated using the
technique of wafer bonding [57]. Smaller, quasi single mode (dc ~ 10 mm) waveguides were
demonstrated using sacrificial etching to create the hollow core [21], and these are the type of
waveguides covered in this dissertation.

For both of these cases, the direction of light

propagation in the hollow core ARROW is shown in Figure 2.8.

Figure 2.8: Diagram of a hollow-core ARROW waveguide on a silicon substrate [53].

The fabrication of hollow ARROWs on silicon substrates using standard silicon processing
methods and techniques is desirable because it enables low-cost, parallel processing of integrated
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waveguides. Standard silicon processing methods and techniques also create the opportunity for
waveguides to be integrated with other functional elements, such as traditional solid core
waveguides and solid state optical and electrical sources and detectors. Solid core ARROW
waveguides have been integrated with hollow core ARROWs to create silicon based sensor
platforms in the past, allowing for excitation and signal collection with low-index media [30, 58]
on planar substrates. The ARROW structures discussed in this dissertation are fabricated using
silicon substrates, alternating anti-resonant dielectric layers that are silicon nitride (SiN) and
silicon dioxide (SiO2), and sacrificial core etching. This fabrication process creates hollow
ARROW waveguides with the cross sectional profile shown in Figure 2.9(a).
Solid core ARROW waveguides are created using the same alternating anti-resonant dielectric
layers as the hollow core waveguides, with the cross sectional profile shown in Figure 2.9(b).
After the anti-resonant layers are completed, the solid core waveguide can be created by etching
a ridge into the top anti-resonant SiO2 layer.

(a)

(b)

Figure 2.9: The cross sectional profiles of ARROW waveguides fabricated with alternating SiO2 and SiN antiresonant dielectric layers: (a) The hollow core ARROW waveguide and (b) The solid core ridge SiO2
waveguide [53].
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2.4.2

ARROW Waveguide Optical Loss
One of the most significant characterization measurements to determine the quality and

performance of a waveguide is its attenuation or loss. The loss is a measurement of how much
the optical power decreases during propagation through the waveguide. The total loss for the
rectangular ARROW hollow and solid core structures shown in Figure 2.9 can be approximated
very closely by using two separate 1D loss calculations and adding the resulting 1D losses [21].
This approximation has shown to agree very well with full 2D simulations with commercial
modeling software such as FIMMWAVE (Photon Design) [59] and BeamPROP (RSoft Design
Group). For 1D confinement, analytical expressions for the minimum loss for TE and TM
modes can be determined for a finite number of cladding layers [60].

The polarization

dependence for ARROW waveguides arises from the fact that TM reflections are always lower
than TE reflections, by the same phenomenon which gives rise to the Brewster angle [51], and
this leads to higher losses for TM modes. Because of this, the waveguide should generally be
wider along the TM polarization direction to minimize this contribution and decrease the
waveguide loss. Using these assumptions calculations for different waveguide parameters can be
made to determine the losses of the rectangular ARROW structures shown in Figure 2.9 [53].
For the following simulations, the loss was calculated for ARROW waveguides with hollow
rectangular cores excited with 690 nm light and hollow cores that were filled with water. The
optimal calculated antiresonant layer thicknesses and indexes of refraction for this design for SiN
are tj = 93 nm and nj = 2.05 and for SiO2 are ti = 270 nm and ni = 1.46. To more closely
represent actual fabricated devices, the final SiO2 layer is set to be 2970 nm, which is 11th
multiple of the minimum SiO2 antiresonant layer thickness. While this layer also satisfies the
antiresonant condition the increased thickness mainly provides structural support for the hollow
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waveguide and creates a layer where solid core waveguides can later be etched. For these fixed
layer thicknesses and indexes, calculations were made to determine the waveguide loss for
different core widths and heights. Custom Matlab code was written to calculate the waveguide
loses using a ray model commonly referred to as the “transfer matrix method” or “2x2 matrix
formulations” which solves for the amplitudes of electromagnetic fields in the cladding layers of
the ARROW waveguide. The filed amplitudes are then used to calculate the reflection and
transmission through the ARROW cladding layers, which allow us to estimate the optical loss.
The resulting equations from these calculations for the minimum optical loss in the TE and TM
mode are [61]:
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and the initial optical loss is given by,
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where N is the number of ARROW cladding layers and m is the mode of the ARROW
waveguide. The 2D plots for the results for the width and height are shown Figure 2.10(a) and
(b) and a 3D plot for the results for the width and height combined are shown in Figure 2.11.
While these calculations only consider the loss of the fundamental mode, waveguide loss is
clearly reduced for larger core widths and heights. The maximum height of the waveguides is
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determined by the thickness of the sacrificial core material used.

It has also been found

experimentally that the core height should be limited to less than 10 µm to preserve the vertical
sidewalls desired for a hollow core rectangular cross section. The maximum width of the
ARROW waveguides is determined by the fabrication yield. Wider waveguide channels are
more susceptible to breakage due to the intrinsic tensile and compressive stresses of the SiN and
SiO2 layers during the sacrificial core removal. The loss calculations also suggest that the core
width has a larger effect on the loss than the core height. This is because the core width affects
the TM like loss of the waveguide. For maximum fabrication yield, it was experimentally
determined that the widths of the waveguides should be limited to 15 μm.

(a)

(b)

Figure 2.10: The 2D plots for the calculated losses of an ARROW waveguide for different (a) widths and (b)
heights of a water filled hollow core.

In order to obtain single-mode waveguides with both liquid and gas-filled cores that have
high fabrication yields with low-loss, the optimal waveguide sizes were determined to be 5 – 6
μm in height and 12 – 15 μm in width. The ARROWs described in this dissertation with these
33

cross-sectional dimensions are quasi-single mode waveguides. The waveguides actually support
multiple modes, but most of the optical power propagates in the fundamental mode. For our
ARROWs, the amount of power coupled into the higher-order modes is small because the light is
launched into the center of the waveguide, which mainly couples into the fundamental mode.
Optical power is not significantly coupled into even order modes because they have nodes or
minimums at the center of the waveguide, where the highest intensity light is located for the
launching beam. Less than 10% of the optical power is coupled into the first two higher order
odd modes, which, like the fundamental mode, have antinodes or maximums at the center of the
waveguide. The loss of higher order modes is much higher than the fundamental mode, m = 1,
and the loss coefficient varies proportionally to the square of the mode number, m [61].

Figure 2.11: A 3D plot for the calculated ARROW waveguide losses for different width and heights of water
filled cores with a SiO2 terminal layer.

34

The loss of the m = 3 mode is about 9 times as high as the fundamental m = 1 mode,
while the loss of the m = 5 mode is about 25 times as high as the fundamental m = 1 mode. As a
result, after light propagates through several hundred micrometers of the ARROW hollow
waveguide, the optical power in all higher order modes adds up to less than one percent. For
ARROW waveguides that are millimeters long, which is typical, the waveguide effectively
supports only single mode propagation.
As mentioned previously, ARROW waveguides that are fabricated with only a few
cladding layers can still have low loss propagation. However, the loss of the waveguide can be
reduced by depositing additional cladding layers. Figure 2.12(a) shows the difference in the
calculated ARROW loss with different numbers of SiN and SiO2 cladding layer sets. Larger
numbers of cladding layers can reduce the loss of the ARROW waveguide, however, this also
significantly increasing the fabrication complexity.

(a)

(b)

Figure 2.12: The calculations for a water filled ARROW waveguide at using excited with light at a
wavelength of 690 nm: (a) The waveguide losses for different numbers of cladding layer periods surrounding
the water filled core. (b) The spectral transmission through an ARROW that is 1 mm in length.
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Additionally real SiN and SiO2 layers will also have a finite roughness that leads to scattering
and higher losses than predicted in these calculations. For these reasons, a compromise between
fabrication complexity and propagation loss has been made, and three sets of SiN and SiO2
layers surrounding the core were chosen for the ARROWs in this dissertation.Using the above
layer design with 3 sets of SiN and SiO2 cladding layers and a 5 µm x 12 µm water filled core,
the transmission through a hollow ARROW versus wavelength was calculated and is shown in
Figure 2.12(b). The spectral transmission of the ARROW is broad which is expected because
ARROWs use the relatively broad anti-resonant regions of the Fabry-Perot cavity. For this layer
design, over 90% of the light is transmitted through a 1 mm long waveguide for an
approximately 200 nm wide spectral range around the design wavelength of 690 nm. At the
design wavelength of 690 nm, the ARROW waveguide loss is calculated to be as low as 0.4 cm1

. For the wavelengths and ARROW core dimensions considered in this dissertation, the anti-

resonant condition, given in Equation (2.13), results in minimum thickness values of 100 – 300
nm for refractive indexes of n = 2.05 and n = 1.46 for SiN and SiO2 respectively. However, a
large amount of variation in the thicknesses of the ARROW layers is allowed because the
ARROW anti-resonant layers use the relatively broad transmission minimum of the Fabry-Perot
cavity. For these ARROW waveguides the thickness tolerance is on the order of λ/10 [60],
which corresponds to ∆𝑡 = 40 – 100 nm for the visible to near IR range. Figure 2.13(a) shows
the difference in calculated waveguide loss when the thickness of the antiresonant layers varies
from the ideal thickness, with a 5 µm x12 µm water filled core and 3 periods of cladding layers.
Less variation in the index of refraction of the layers is allowed and typically ∆𝑛 = 0.04 – 0.06.
Figure 2.13(b) shows the difference in calculated waveguide loss when the index of refraction of

36

the antiresonant layers varies from the ideal thickness, with a 5 µm x12 µm water filled core and
3 periods of cladding layers.

(a)

(b)

Figure 2.13: The calculated ARROW waveguide loss that is filled with water and excited with light at a
wavelength of 690 nm using 3 periods of anti-resonant layers surrounding the core (a) With the design layer
thickness and layer thickness deviations of +/– 10% and (b) with the design layer indexes of refraction and
index of refraction deviations of +/– 3%.

For our ARROW waveguides, the largest changes in waveguide loss happen when the
layer thicknesses and indexes of refraction variation causes the ARROW to be closer to
resonance. These simulations were for ARROW waveguides with layers at the anti-resonant
thickness and index of refraction with structures where the layers varied +/– 10% from the antiresonant thickness and +/– 3% from the anti-resonant index of refraction. For these deviations
from the design thickness and index of refraction, the minimum in the spectral loss will shifts.
There is a red shift (longer wavelength) for the thicker films and higher indexes of refraction and
a blue shift (shorter wavelength) for the thinner films and lower indexes of refraction. While the
cladding layer thickness and index of refraction variations do increase the loss, these +/– 10%
and +/– 3% variations result in losses of only 0.54 and 0.51 cm-1 for the thinner, lower refractive
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index and thicker higher refractive index films, respectively.

The allowable variations or

tolerances in the cladding layer thickness and index of refraction are achievable by the
equipment used in the ARROW fabrication processes are for the work in this dissertation.

2.4.3

ARROW Waveguide Simulations
The waveguides discussed in the previous section have a lateral terminal layer of SiO2

and an air terminal layer on the top of the waveguide, as shown in Figure 2.9(a). These
structures were first produced for hollow ARROWs and are referred to as the standard ARROW
design throughout this dissertation. 2D simulations of the waveguides were performed using the
rigorous Beam Propagation Method and commercial BeamPROP software (RSoft Design
Group), which was used because of its availability at BYU. Simulation of these structures with
BeamPROP requires loading of a matrix containing the refractive index values for the individual
layer structures, and MATLAB code used for this purpose is described in other works [53].
The layer thicknesses were rounded to 100 nm for SiN and 300 nm for SiO2 to simplify
the computation process, since the index profile matrix is extremely large with more accurate
layer thicknesses. Three periods of these layers were used around the core, with the final layer
on the top and sides of the core rounded and set to 3.0 mm. The hollow core was set at 5 µm x
12 µm and filled with water so that n = 1.33, and a Gaussian beam with a wavelength of 690 nm
was launched into and propagated down 500 mm long ARROW waveguides.

After the

simulation was completed, the software produced the mode profile and the effective index, neff,
of the mode. From this, the loss coefficient for the waveguide, αwg, was extracted using [62]:

𝛼𝑤𝑔 = �𝑛𝑒𝑓𝑓 �

4𝜋
𝜆

,

(2.17)
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where αwg is in µm-1 and multiplying αwg by 104 puts the loss value in the common units of cm-1.
Using this process, the simulated losses for the standard hollow section of the ARROW structure
was a 1.42 cm-1. Solid core waveguides on ARROW layers were also simulated using this layer
design for different ridge etch depths. For the solid core waveguides, the vertical confinement is
accomplished by TIR at the air and SiO2 interface at the top of the ARROW waveguide and by
the anti-resonant cladding layers below the core. The cross sectional structure of a solid core
ARROW waveguide is shown in Figure 2.9(b). Lateral confinement is provided by the ridge in
the SiO2 layer. For comparison, ridges were etched with heights 0.5, 1.0, and 3.0 mm in the top
SiO2 layer that had a thickness of 3 mm. The simulated losses for each of the three ridge depths
were almost identical and found to be 0.025 cm-1. This is much lower than the simulated losses
for the hollow core waveguides. Therefore we should be able to integrate hollow and solid core
ARROW waveguides and maintain low optical losses using the same antiresonant layers.

2.5

Integrated ARROW Waveguide Design
While individual hollow ARROW waveguides can be used in a variety of applications,

they have the potential to be integrated with a complex network of optical and electrical elements
for compact and highly parallelized sensors [63].

For example, as shown in the previous

section, the same antiresonant layers that provide optical confinement for hollow core ARROW
waveguides can provide confinement for solid core waveguides. This allows for the integration
of solid and hollow waveguides on a chip with minimal complexity. Figure 2.14(a) shows an
integrated ARROW platform with both solid core and hollow core ARROWs. This type of
platform allows for the hollow ARROW waveguide to be filled with gases or liquids that contain
analytes of interest, while allowing for planar excitation and signal collection using the solid core
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waveguides. For example, fluorescence sensing of small numbers of particles requires a very
small excitation volumes to decrease the fluorescence background [64]. These small excitation
volumes can be created using ARROWs and standard semiconductor fabrication techniques.
The excitation volume is confined in three dimensions by the hollow core waveguide cross
section and the width of the solid core waveguide, as depicted in Figure 2.14(b). Excitation is
then provided perpendicularly to the hollow core waveguide, allowing for spatial separation of
the excitation and fluorescence beam paths and reduced fluorescence background.

For an

integrated ARROW sensing platform that has a 5 µm x 12 µm hollow core cross section and a 12
µm wide solid core waveguide , the excitation volume at the intersecting solid and hollow core
waveguides can be as small as 85 fL [65], which is small enough for single molecule
fluorescence detection [8]. These platforms are also suitable for optical trapping and particle
manipulation with liquid cores, using the horizontal solid-core waveguides for excitation.
Nanotechnologies can also be integrated within the ARROW platform to allow for sensitive
single nanoparticle detection and analysis. The entire ARROW sensing platform can easily be
fabricated on the area of a 1 cm2 chip, demonstrating the compactness of this approach.

(a)

(b)

Figure 2.14: The diagrams of integrated ARROW chips: (a) A full ARROW sensing platform with solid and
hollow waveguides. (b) A cross sectional view of light transmission through the excitation volume.

40

In order to design integrated ARROW platforms with interfacing between solid and hollow core
ARROW waveguides and maintain high transmission, the ARROW design process had to be
altered from the design for ARROWs that only have hollow cores. To begin the anti-resonant
layer thicknesses are calculated using (2.13). The thicknesses are then adjusted because the
PECVD deposition process, described in Chapter 3, that is used to deposit the anti-resonant SiN
and SiO2 cladding layers is a non-conformal process. This means that the thickness of the
cladding layers on the sides and top of the core of the ARROW are not quite the same. The
design of the thickness of the layers must be changed to account for the variation in the
deposition thickness difference on these surfaces. This adjustment of the layer thicknesses
allows for high transmission between solid and hollow waveguides. The layer thicknesses on the
sides and the top of a rectangular waveguide are related through a different ratio for SiN and
SiO2 layers. The thickness of the final SiO2 cladding layer is also adjusted to change the size of
the guiding core in the solid core ridge waveguide and improve the mechanical stability of the
hollow waveguide structure. Once the upper ARROW layer structure has been determined, the
thicknesses of the bottom layers can be adjusted to account for other considerations, such as
wavelength filtering to reject the excitation wavelength.
The integrated design optimization is done by our collaborators at UCSC with custom
written MATLAB (MathWorks) code. After designs are completed, the waveguide platform
performance is verified by simulating the full 2D structure using FIMMWAVE (Photon Design).
Once the design is completed the ARROWs are fabricated in the IML lab at BYU. After
fabrication and waveguide evaluation, the completed integrated platforms are used for a variety
of applications with liquid and gas filled hollow cores. Most of the optical testing is conducted
at USCS, due to the availability of equipment and the expertise in optical testing methods of Dr.
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Schmidt’s research group. The remainder of this dissertation will discuss my contributions to the
ARROW sensor project through the development of a piranha etchant to increase the yield and
decrease the production time of ARROWs, decrease the photoluminescence (PL) background
noise of cladding layers, and integrate nanotechnologies on the ARROW platform for single
nanoparticle sensing.
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3

3.1

ARROW WAVEGUIDE FABRICATION

Introduction
The fabrication method used for creating integrated ARROW waveguide platforms was

developed to take advantage of standard silicon fabrication process and equipment available in
the IML at BYU. Silicon substrates with <100> orientations were chosen to in order to produce
high quality optical facets when cleaving both solid and hollow core ARROW waveguides.
Silicon wafers that have a <100> silicon crystal orientation produce flat, smooth cleaves that are
perpendicular to solid and hollow core ARROW waveguides.

Due to the availability of

equipment in the IML, all of the silicon substrates used in this work are four inches in diameter.
The basic process flow for hollow core ARROW waveguide fabrication is shown in Figure
3.1(a)-(c).
First, antiresonant layers are deposited by plasma enhanced chemical vapor deposition
(PECVD) on the silicon substrate to keep light from leaking into the high index silicon substrate.
The PECVD films used in this work are silicon nitride (SiN) and silicon dioxide (SiO2). Next,
the sacrificial core is deposited and patterned by photolithography, and either AZ3330 positive
photoresist or negative photoresist SU8 are typically used.

The choice of sacrificial core

material affects the geometry of the hollow core waveguide as well as the etchant used for core
removal.
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Figure 3.1: Basic process flow for hollow ARROW fabrication: (a) Antiresonant layers are deposited on a
silicon substrate, (b) the sacrificial core material is deposited and patterned, (c) the top antiresonant layers
are deposited, and (d) the sacrificial core is exposed and removed.

After the sacrificial core is deposited and patterned, the top antiresonant SiN and SiO2
layers are deposited by PECVD to provide light confinement on the sides and top of the
ARROW waveguide. The final top SiO2 layer is deposited at a thickness of 3 – 4 mm for
mechanical stability of the hollow channel and as a etch layer for the solid core waveguides.
Next, a plasma etching process is used to create the solid core waveguides in the top SiO2 layer.
The solid core waveguides couple light form the optical source into the ARROW platform and
guide light into the hollow waveguides. Finally, the ends of the sacrificial core material are
exposed by cleaving the wafer or plasma etching through the top layers, and the sacrificial
material is removed by piranha acid etching. This completes the fabrication process of the
ARROW platform. Each of the processes used for the fabrication of ARROW waveguide
platforms is described in detail in this chapter.
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3.2

Plasma Enhanced Chemical Vapor Deposition of SiO2 and SiN Films
Plasma enhanced chemical vapor deposition (PECVD) in the past has been widely used

in material processing for semiconductor, MEMS, and optics applications [66].

PECVD

deposition systems were originally developed because of the need for low temperature thin film
depositions and semiconductor thin film deposition processes that were compatible with
previously deposited metal thin films. PECVD deposition is a process used to deposit thin films
from a gaseous vapor state to a solid state on a substrate. Chemical reactions are involved in the
process, which occur after the creation of the plasma in the presence of the reacting gases inside
the chamber. The plasma is generally created by RF AC frequency or DC discharge between
two electrodes, the space between which is filled with the reacting gases. This plasma is used to
transfer energy into the gas mixture which is present in the chamber between the two electrodes.
This transforms the gas mixture into reactive radicals, ions, neutral atoms and molecules, and
other highly excited species [67]. These atomic and molecular fragments interact with a substrate
and, depending on the nature of these interactions, either etching or deposition processes occur at
the substrate. Since the formation of the reactive and energetic species in the gas phase occurs
by collision in the gas phase, the substrate can be maintained at a low temperature. Hence, film
formation can occur on substrates at a lower temperature than is possible in the conventional
CVD process, which is a major advantage of PECVD. This allows for low temperature (200 –
400°C) deposition of many different thin semiconductor film including dielectrics. Some of the
most commonly used films deposited by PECVD include Silicon Nitride (SiN), Silicon Dioxide
(SiO2), Silicon Oxide (SiO),

Silicon OxyNitride (SiON), Diamond Like Carbon (DLC),

Amorphous Silicon (A-Si), and Poly Silicon (poly-Si) [66]. Some of the desirable properties of
these PECVD films are good adhesion, low pinhole density, good step coverage, good control of

45

optical and electrical film properties, and good thickness and wafer uniformity[68]. While most
of these properties can also be achieved using thermal CVD or low pressure CVD (LPCVD), the
energy for the reaction is supplied by heating the wafer to very high temperatures. The high
temperatures that are usually required (600 – 1100°C) with these deposition methods limit the
materials that can be used underneath these films [69]. For this reason PECVD is attractive for
many applications because it allows for the deposition of fairly high-quality films at much lower
temperatures, often in the range from (100 – 350°C).
There are many applications for these types of films, some of the common applications
include: electrical isolation [70], passivation [71], optical waveguides [72], and optical coatings
[73, 74], protective coatings, packaging, and solar cells. For our ARROW waveguides, it is
necessary to use materials for the antiresonant layers that are optically transparent and nonabsorptive in the desired operation wavelength ranges of visible and near-IR. ARROWs also
require films that are easily deposited at thicknesses in the 100nm – 5um range, have indexes of
refraction whose range can be varied to satisfy antiresonant conditions and can be deposited at
low temperatures (250°C).

Because of the ease of deposition with PECVD, their optical

transparency, the range of deposition thicknesses and indexes of refraction, and the low
deposition temperature SiO2 and SiN films were chosen for the antiresonant layers for our
ARROW waveguides.
Although the SiO2 and SiN films deposited by PECVD [34] typically have lower film
quality and density, lower dielectric breakdown, lower thermal stability, and higher defect
density than the corresponding thermal or LPCVD films [75], because we primarily use these
films for optical purposes these defects are not as significant. The lower processing temperature
of PECVD film is also vital for the fabrication of ARROWs because metals films such as chrome
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and organic materials such as photoresist, are used to construct the upper ARROW antiresonant
layers and etch features in the ARROWs. SiN can be synthesized through the chemical reactions
[76, 77]:

3 SiH4+ 4 NH3 → Si3N4 + 12 H2,

(3.1)

3 SiCl4+ 4 NH3 → Si3N4 + 12 HCl,

(3.2)

3 SiCl2H2 + 4 NH3 → Si3N4 + 6 HCl+ 6 H2,

(3.3)

and silicon Dioxide can be synthesized through the chemical reactions [77]:

SiH4 + 2 N2O → SiO2 + 2N2 + H2,

(3.4)

Si(OC2H5)4 → SiO2 + 2 H2O + 4 C2H4,

(3.5)

Si(OC2H5)4 + 12 O2 → SiO2 + 10 H2O + 8 CO2,

(3.6)

SiH4 + 2 O2 → SiO2 + 2 H2O.

(3.7)

However, PECVD SiN and SiO2 are obtained primarily in the IML through reaction (3.1)
and (3.4) using silane, ammonia, and nitrous oxide as the precursory gasses. These reactions
show the stoichiometric reaction for these gases, however, PECVD SiN and SiO2 deposition
produces amorphous films that are only approximately stoichiometric. PECVD SiO2 deposited
films have very little hydrogen or nitrogen incorporated in the film which makes them very
amorphous and stoichiometric films [78]. PECVD SiN deposited films in our temperature range
(100-250°C) have a large degree of hydrogen incorporation, with the hydrogen terminating
uncompensated binding sites on both the silicon and nitrogen [79].
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Because of this, the

amorphous deposited silicon nitride films are often described as a ternary solid-solution alloy
SiN-H, where the Si/N ratio is approximately 1.08 and the hydrogen incorporation can be up to
30 at.% [80, 81].
Two different PECVD deposition systems are used in the IML, with one dedicated to SiN
growth called PECVD 1 and the other dedicated to SiO2 growth called PECVD 2. Having two
separate systems dedicated to a single type of film growth provides more consistent, reproducible
films. Both systems are very similar to the diagram of a typical parallel plate showerhead
PECVD system configuration that is shown in Figure 3.2 [66].

Figure 3.2: Schematic diagram of a parallel plate showerhead configuration PECVD reactor used for
deposition of SiN and SiO2.
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First, deposition must take place at low pressure, so a vacuum pumping system and
vacuum chamber are required. For our PECVD systems we use a mechanical pump and a roots
blower to achieve the lowest possible pressures of about 0.01 Torr [82]. This mechanical
vacuum pump works by the process of positive gas displacement. During operation the pump
periodically creates increasing and decreasing volumes to remove gases from the system, and
exhaust them to the atmosphere.
The PECVD system also requires a way to carefully control precursor gas flow, so a mass
flow controller (MFC) is used for each gas [82]. An MFC is a device used to measure and
control the flow of fluids and gases. They are designed and calibrated to control the specific gas
used at a particular range of flow rates. The MFC can be given a set point from 0% to 100% of
its full scale range but is typically operated in the 10% to 90% of full scale where the best
accuracy is achieved. The MFC will then control the rate of flow to the given set point. Our
MFCs have an inlet port, an outlet port, a mass flow sensor and a proportional control valve.
The MFC is fitted with a closed loop control system which is given an input signal that is
compared to the value from the MFC sensor.

The MFC adjusts the proportional valve

accordingly to achieve the required flow. The flow rate is specified as a percentage of its
calibrated full scale flow and is supplied to the MFC as a voltage signal. In this way the MFCs
provide very precise control of the precursor gases. The precursor gases used for deposition of
SiN and SiO2 are shown in Table 3.1. The gases are mixed in a manifold and introduced into the
reaction chamber through a showerhead, which helps to create uniform dispersion of the gaseous
precursors. The design of the reactor chamber also improves the reactant flow uniformity, with
the vacuum port positioned directly under the center of the wafer holder.

As gases are

introduced into the chamber, an automatic pressure control valve adjusts to maintain the chamber
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pressure at the process set point in the range of 0.6 – 1.0 Torr. An RF power generator provides
the energy for decomposition of the precursor gases into ion and neutral subspecies, allowing the
reactions to proceed at low temperatures. Both of our PECVD systems use RF generators that
supply up to 300 W at 13.56 MHz. A matching network is placed between the RF generator and
the chamber and provides automatic tuning of variable capacitors to match the impedance of the
load or the plasma chamber to the impedance of the RF generator and cable. This is necessary to
minimize the reflected RF power, which prolongs the life of the RF generator, provides more
stable plasma characteristics, and allows for as much of the RF power as possible to be coupled
into the plasma. The wafer is placed on the heated wafer holder plate, which is heated to 100 –
250°C. The heat from the wafer holder plate is transferred very evenly throughout the silicon
wafer because of the high thermal conductivity of silicon.

Table 3.1: : The process gases used in PECVD deposition of SiN and SiO2.

Gas

Purpose

N2O

Oxygen source for SiO2 deposition

NH3

Nitrogen source for SiN deposition

SiH4 (5%) / He (95%)

Silicon source for SiO2 and SiN deposition

CF4 (80%) / O2 (20%)

Chamber Cleaning

The reactions that take place as the precursor gases enter the chamber and are transferred
to the wafer are shown in Figure 3.3 [67]. First the precursor reactant gasses are uniformly
transported into the reactor vacuum chamber through the showerhead (1). The RF energy causes
the decomposition of the gases, which form the intermediate reactant species from the precursor
gasses for film deposition (2). Next, intermediate reactant species diffuse through the gaseous
boundary layer to the substrate (3). Here absorption of the gasses on the substrate surface occurs
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(4). Once species are absorbed on the substrate surface, low kinetic energy species move very
little, while others may move along the surface until they lose energy (5). The substrate heating
increases the surface mobility of adsorbed reactants, which then have sufficient energy to move
around the surface of the substrate, increasing the quality and density of the growing film.
Single or multistep reactions at the substrate surface may occur with different intermediate
reactant species. The byproducts of these reactions are then desorbed for the surface of the
substrate and transported by the vacuum out of the system (6, 7). With the proper chamber
conditions this is the process that leads to the growth of SiN and SiO2 films on silicon substrates.

Figure 3.3: Precursor gases reactions that take place inside the PECVD chamber that lead to the growth of
SiN and SiO2 films [67].

The precision and repeatability of the optical characteristics of these films are important
for the proper operation of the ARROWs. Refractive indexes for our PECVD films are typically
1.45 – 1.47 for SiO2 and 1.95 – 2.30 for SiN as shown in Figure 3.4. For SiO2 deposition, the
index is relatively constant for normal growth conditions. Films can be deposited with indexes
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as high as 1.55 by dramatically increasing the ratio of the silane (SiH4/He) to nitrous oxide (N2O)
precursor gases. The refractive index for SiN can also be increased by increasing the ratio of the
ammonia (NH3) to silane (SiH4/He) precursor gases. With both SiO2 and SiN films, films with
higher degrees of silicon incorporation have increased refractive indexes because of the high
index of the silicon.

Figure 3.4: The change in the index of refraction for varying ratios of precursor gases of (NH3/SiH4) for SiN
and (SiH4/N2O) for SiO2.

For the fabrication of ARROW devices in order to have the lowest losses and highest
throughput we also want the thicknesses and refractive indexes of the SiN and SiO2 films to be
precise. However, with any tool or system natural variation exists that is inherent to a particular
process. For PECVD 2, which is used to grow SiO2, the percentage of variation in film thickness
and index of refraction are shown in the capability charts [83, 84] in Figure 3.5(a) and 4(b). In
order to analyze the inherent variation in these films the chamber conditions of the PECVD
system were kept constant at a pressure of 1100 mTorr, power of 4W, SiH4 and N2O gas flow of
9.5% and 12%, and growth time of 10 minutes. From Figure 3.5(a) and 4(b) we can infer that
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the PECVD 2 process used to grow SiO2 should be adjusted so that the average refractive index
and film thickness better controlled and centered at 0% variation. Because they are not it is
expected that the actual refractive indexes and film thicknesses will always be lower than the
predicted refractive indexes and film thicknesses. The upper and lower control limits are located
at 3 standard deviations from the average so that 99.73% of the actual results fall within the
control limits. With this analysis the index of refraction is very tightly controlled on the PECVD
2 system so that adjustments should not be needed very often. However, the thicknesses of the
SiO2 films that are grown have a lot of variation and must carefully monitored and taken into
account when designing ARROW layers.

(a)

(b)

Figure 3.5: The capability charts for (a) the percentage of thickness variation and (b) the percentage of index
of refraction variation for PECVD 2 when growing standard SiO2 films.

For deposition of SiN layers, however, it is often necessary to slightly adjust the gas ratio
and deposition time between successive layer depositions to achieve the refractive index and film
thickness for the deposited layer. Figure 3.6(a) and 5(b) show the index of refraction and growth
thickness capability charts for PECVD 1. The variation in the index of refraction is much higher
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for this system and so it must be adjusted more often and, as a result, we are more limited in the
precision of the index of refraction that can be obtained. The variation in the film thickness of
SiN films is small for the PECVD 1 system and so tolerances on the films are much better and
we can meet the design specifications accurately.

Figure 3.6: The capability charts for (a) the percentage of thickness variation and (b) the percentage of index
of refraction variation for PECVD 1 when growing standard SiN films.

The optical quality of ARROW platforms also depend on the roughness of the films and
materials used and the resulting structures. Film roughness causes light to be scattered during
propagation which leads to a loss in transmitted optical power and a decreased signal [85]. SiN
and SiO2 films have inherent roughness due to their film structure during deposition, however,
there are also many other sources of film roughness such as particles, dust, voids, and vacancies
[86]. Another main source of roughness comes from the sacrificial photoresist core and other
areas where films are deposited over photoresist structures. Photoresist structures typically have
imperfections and rough sidewalls due to photolithographic processing. Many of these defects
can be eliminated by careful processing and subsequent hard baking steps at elevated
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temperatures, however some defects will still exist.

In order to better characterize and

understand our SiN and SiO2 film roughness we have taken atomic force microscopy (AFM) root
mean square (rms) roughness measurements of a bare Si substrate, 150 nm thick single films of
SiN and SiO2 on a Si substrate, a 5 µm thick layer of SU8 photoresist, a 150 nm layer of SiN
deposited over a 5 µm thick layer of SU8, and a 3 µm thick layer of SiO2 deposited over a 5 µm
thick layer of SU8. While these measurements are not for actual ARROW platforms they are
considered to be representative of the film roughness that would be present. Figure 3.7 shows
that the most significant source of film roughness comes from the thick layers of SiO2 that are
typically the last layers deposited over the ARROW platform.

Figure 3.7: AFM rms film roughness measurements for different thin films used for the fabrication of
ARROW platforms.

The roughness in this layer is most likely due to imperfections and particles that are
introduced during its lengthy deposition time which is typically 1 – 2 hours. This can be avoided
by cleaning the PECVD 2 chamber well before deposition and by intermittent cleaning during
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the deposition cycle. However, this film will still typically have a very large roughness since
underlying defects are transferred and amplified.

The top, thick ARROW SiO2 film is

considered a significant intrinsic source of scattering loss in the ARROW platform. The other
film roughnesses are not considered to have a significant effect on the optical properties of the
ARROW platform. The refractive index, film thickness, and other film characteristics of SiO2
and SiN are also very dependent on the deposition chamber conditions [66]. For example,
seasoning the PECVD 1 and PECVD 2 chambers before deposition provides improved film
uniformity. Because of this, the chambers of PECVD 1 and PECVD 2 are seasoned by a predeposition film of SiN and SiO2 to coat the walls of the chambers before any films are deposited
on our substrates. The typical seasoning recipes for PECVD 1 and PECVD 2 are shown in Table
3.2.

Table 3.2: Standard seasoning recipes for SiN and SiO2 using PECVD 1 and PECVD 2.

Time
(min)

Gas 1
(%)

Gas 2
(%)

Power
(W)

Pressure
(mTorr)

Temperature
(°C)

PECVD1

6.5

26

96

70

1000

250

PECVD2

15

9

17

50

600

250

System

This chamber seasoning must be performed after each chamber cleaning. Typical cleaning
recipes are described in Table 3.3. Not only does the chamber seasoning improve the stability of
the refractive index, but it also improves the film deposition uniformity.
With both types of films, there is potential for impurities to be incorporated into the films
during deposition. Hydrogen incorporation at low temperature film deposition has already been
discussed. Because of the non-reactivity of helium, it is not incorporated into the films, but
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could be trapped in voids in the films. However, the small size of the helium atom allows it to
easily permeate and escape the types of low density PECVD films that we grow.

Table 3.3: Standard cleaning recipes for PECVD 1 and PECVD 2.

Cleaning
Type

Pressure
(mTorr)

Power
(W)

Temperature
(°C)

Gas 4
(CF4) (%)

Time
(Hours)

PECVD 1

800

120

250

20

24 – 48

PECVD 2

600

50

250

18

1–2

For deposition of SiO2, the nitrogen present in the process chamber is not incorporated
into the growing film because oxygen atoms can readily locate silicon atoms within the
amorphous film [75]. The oxygen atoms then fill up the silicon bonding sites before the
nitrogen. For SiN deposition, in addition to the hydrogen incorporation, oxygen is preferentially
incorporated in the nitride film, even at low concentrations. Oxygen can enter the process gas
mixture through leaks or by desorption from the chamber walls. Any oxygen contamination
causes the deposition of SiO-N, which lowers the refractive index of the film. Because of this, it
is important to eliminate any leaks in the vacuum chamber and to sufficiently pump down the
process chamber to a low pressure before film deposition. Normally, this involves pumping
down the SiN process chamber for about 5 minutes or until the pressure in the chamber is below
20 mTorr before turning on the precursor gases and starting deposition. Having dedicated tools
for deposition of the two films is advantageous since it reduces the average time for the
deposition of a pair of films to approximately 30 – 60 minutes as opposed to using one PECVD
system for both films which can take 3 – 4 hours. Deposition time for a full ARROW stack of
six SiN layers and six SiO2 layers (including a 3 – 5 mm SiO2 layer) takes approximately 10
hours to complete including chamber clean times. Separate systems also improve the purity,
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control, and precision in each of the SiN and SiO2 films. Finally Figure 3.8(a) and (b) shows and
SEM image of a completed hollow ARROW platform fabricated with six alternating layers of
SiN and SiO2. The dark lines represent the SiN layers and the lighter gray lines are the SiO2
layers.

(a)

(b)

Figure 3.8: SEM images of (a) a cross sectional area of a completed hollow ARROW platform showing
alternating SiN and SiO2 layers and (b) a hollow ARROW platform with intersecting solid core waveguide
etched in the thick top SiO2 layer.

3.2.1

Conformal PECVD SiO2 and SiN Films
One consistent problem with PECVD films coating the sacrificial cores is caused by the

non-conformal deposition process of SiO2 and SiN PECVD films [87].

Step coverage or

conformality is the ability of a thin film coating to replicate the surface topography of the
underlying substrate. Achieving high quality PECVD layer conformality is critical for creating
robust waveguides with consistent, high quality optical properties. A perfectly conformal film
would equally coat all sides of and exactly transfer the pattern any topographical feature,
including the rectangular sacrificial cores used for ARROW waveguide fabrication. While
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PECVD deposition can be more conformal than other methods, the coating is not perfectly
conformal, and films are deposited more thickly on horizontal surfaces than on vertical surfaces.

(a)

(b)

(c)
Figure 3.9: SEM images of SiO2 PECVD films deposited over a SU8 rectangular shaped sacrificial core with
conformalities of (a) 1.84, (b) 1.41, and (c) a SiN PECVD film with a conformality of 1.35.

The conformality for our PECVD films is defined as the thickness of the vertical surfaces
divided by the thickness of the horizontal surfaces that are deposited over sacrificial SU8 cores.
Figure 3.9(a) and (b) shows SEM images of SiO2 films deposited over SU8 rectangular
sacrificial cores. These two films were deposited using different PECVD deposition conditions
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and have conformalities of 1.84 and 1.41 respectively. Figure 3.9(c) shows an SEM image of a
SiN PECVD film that was deposited over an SU8 sacrificial core that has a conformality of 1.35.
It should be noted that SiN films typically are more conformal than SiO2 films and that nonconformality is more pronounced for thicker (>500 nm) films for our PECVD processes and
tools.
The reason that PECVD films are non-conformal is that as film thickness increases on top
of a structure, such as the rectangular sacrificial core, the reactant species are readily available
near the top corners, causing thick film deposition. The lower corners, however, are sheltered
and shadowed by the top corners, reducing the ability of species to diffuse to the lower corners
and causing thinner film deposition at these areas [87].

As the film accumulates on the

horizontal and vertical surfaces near the lower corner, the films grow separately on the two
surfaces at first and then grow together. When two films join at the corner, a seam is formed
which, can result in damaged ARROW hollow cores as shown in Figure 3.10(a) and (b).
Because this seam is the junction of two essentially disparate films, the films may not adhere
well, resulting in weakness in this region. During sacrificial core removal, cracks often develop
at this juncture and can cause damaged ARROW hollow cores, as shown in Figure 3.10(c) and
(d).
Conformality also affects the optical properties of ARROW platforms with rectangular
cores. The unequal film thicknesses on the top and sides of the core increase the waveguide loss
and change the wavelength dependence for the waveguide. This can be accounted for in the
ARROW platform design if the conformality ratio of is known [88]. Designs have been tailored
to give the correct thickness of the vertical layers for a given horizontal film deposition
thickness, since the loss is affected more by thickness variations in the side layers than in the top
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layers. However, the conformality ratio often varies from film to film depending on growth
parameters so that most designs are still only an approximation of the actual ARROW platform.
In general, if the rate of reactant species arrival everywhere on the substrate exceeds the reaction
rate everywhere on the surface, the resultant film will exhibit good conformality [89]. Achieving
this condition is no simple matter because of the many parameters that can be varied for a
PECVD process, including process pressure, RF power, temperature, and gas flows.

(a)

(b)

(c)

(d)

Figure 3.10: Cross sectional SEM images of (a) an ARROW with a seam or crevice at the lower corner of the
sacrificial core, (b) a more pronounced seam, (c) resulting cracking at the seam, and (d) damage to the
ARROW hollow core due to seam cracking.

61

The conformality for SiN films deposited that are deposited in our PECVD 1 tool has
been measured to be approximately 1.32. The conformality of SiO2 films deposited with our
PECVD 2 tool typically have more variation then the SiN films. However, in general, more
conformal film coatings were obtained for high deposition pressures and low RF powers at 1.41.
There is a trade-off though between conformality and uniformity of SiO2 films with the most
uniform depositions occurring for low RF power depositions at low process pressure.

Table 3.4: The PECVD SiN and SiO2 deposition recipes for ARROW waveguides.

Parameter

PECVD 1

PECVD 2

SiN

SiO2-1

SiO2-2

RF Power (W)

70

20

26

Pressure (Torr)

1.000

0.600

1.100

Gas 1 (sccm)

NH3
9.1

SiH4/He
119

SiH4/He
132

Gas 2 (sccm)

SiH4/He
192

N2O
34

N2O
29

Rate (nm/min)

12

45

35

Conformality Ratio

1.3

1.7

1.4

Thickness Variation

3%

2%

7%

Therefore for SiO2 films that require high conformality we typically use a deposition
recipe that is a compromise between low and high pressure and RF power. Table 3.4 shows
current recipes for ARROW layer deposition using PECVD 1 for SiN and PECVD 2 for SiO2
films. Recipes for SiN and SiO2-1 have been optimized for uniformity and stability and are
currently used for deposition of all antiresonant layers below the core. The SiN and SiO2-1
recipes are also used for deposition of thin (<400 nm) top cladding layers on ARROWs because
of the good film uniformity. These recipes result in typical deposition thickness variation of 262

3% across a standard 4-inch wafer.

Recipe SiO2-2 has been optimized for its improved

conformal coating over the rectangular cores and is used for deposition of the thick top oxide
layer for ARROW waveguides.

3.2.2

Angled Deposition of PECVD films
One method that was first investigated to improve the conformality of the thick top SiO2

ARROW layer is angling the ARROW platforms during PECVD deposition. It was thought that
this would prevent the top corners of the sacrificial cores from shadowing the bottom corners
during growth thereby creating more conformal PECVD SiO2 coating.

(a)

(b)

Figure 3.11: SEM images of ARROW platform that had 3 mm thick PECVD SiO2 films grown on them while
they were angled at (a) 20 degrees and (b) 70 degrees.

In order to test this theory, ARROW platform chips were placed on custom aluminum
stands at angles of 20 – 70° inside the PECVD 2 chamber and rotated every five minutes. Figure
3.11(a) and (b) shows SEM images of two ARROW platforms at angles of 20° and 70°
respectively when 3 mm SiO2 layers were grown on them.

63

The ARROW platform angled at

20° and 70° had a conformality ratio of 1.36 and 1.32 respectively. While this is not the
dramatic improvement that was expected, the conformality is better than that of SiO2 films that
have not been angled which is typically 1.4 or higher. This also verifies that shadowing effects
do contribute to the non-conformality of thick SiO2 films.

3.2.3

Deposition of SiO2 Films Using TEOS
In order to improve the conformality of the ARROW SiO2 films we could use a more

conformal low temperature (250 – 350°C) PECVD method of SiO2 deposition. This method
involves changing one of the precursor gases that is used to grow SiO2. Instead of using the
precursor gas silane (SiH4), tetraethyl orthosilicate (Si(OC2H5)4) or TEOS as it is commonly
abbreviated is used as the source of silicon in the SiO2 film [90, 91]. TEOS is a molecule that
consists of four ethyl groups attached to an SiO44- ion, which is called orthosilicate as shown in
Figure 3.12 [92, 93].

Figure 3.12: A TEOS molecule (Si(OC2H5)4) which consists of four ethyl groups attached to an SiO44- ion [92,
93].

64

TEOS is a liquid at room temperature, with a vapor pressure of about 1.5 Torr. TEOS has the
property of easily converting into SiO2 at elevated temperatures (>600 °C), by the chemical
reaction [91]:

Si(OC2H5)4 → SiO2 + 2O(C2H5)2.

(3.8)

The key to understanding the difference between TEOS and silane is that in TEOS the
silicon atom is already oxidized so that the conversion of TEOS to SiO2 is essentially a
rearrangement rather than an oxidation reaction, which reduces the free enthalpy and free energy.
The basic overall reaction for the deposition of SiO2 requires the removal of two oxygen atoms
as shown in Figure 3.13(a). While gas phase reactions can occur, particularly at the high end of
the temperature range, deposition is probably the result of TEOS surface reactions. TEOS
chemisorbs onto silanol groups (Si-OH) at the surface, as well as strained surface bonds as
shown in Figure 3.13(b).

(a)

(b)

Figure 3.13: (a) The removal of oxygen atoms from the TEOS molecule and (b) the chemisorbtion of the
TEOS molecule onto silanol groups on the substrate [92, 93].
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TEOS will not adsorb onto the resulting alkyl-covered surface, so deposition is probably limited
by removal of the surface alkyl groups. These groups can undergo elimination reactions with
neighboring molecules to form Si-O-Si bridges as shown in Figure 3.14(a) and (b) which are
converted into highly conformal SiO2 films.

Figure 3.14: The elimination reactions that create Si-O-Si bridges that are converted into SiO2 [92, 93].

Figure 3.15(a) and (b) shows a thick SiO2 film that was deposited over PECVD ARROW
layers using a PECVD TEOS process with process parameters given in Appendix A. This film
has improved conformality compared to traditional PECVD SiO2 which can be identified by the
absence of a crevice or dip at the corners of the ARROW. SiO2 deposited with TEOS also has a
lower conformality ratio of 1.2 compared to the typical 1.5 ratio of SiO2 deposited using silane,
which means that the thickness of the sides and top ARROW layers of SiO2 are closer in value.
However, this excellent conformality comes at a price. The SiO2 films deposited with TEOS
have a much higher compressive stress than SiO2 films deposited with silane. Because of this
increased stress the ARROW waveguide platforms that were made using SiO2 films with TEOS
shattered and delaminated so severely that they were unusable. Due to the lack of availability of
a PECVD TEOS system at BYU the fabrication of these ARROW platforms were contracted out
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to the Cornell Nanofabrication Facility. The cost of doing this prohibits the optimization and
reduction of the compressive stress of the SiO2 films deposited with TEOS. However, if this
limitation can be overcome in the future, either by acquiring more funding or a PECVD system
at BYU that deposits SiO2 films using TEOS, there is a tremendous potential to reduce optical
losses due to the solid and hollow core interface of ARROWs.

(a)

(b)

Figure 3.15: SEM images of the thick top SiO2 ARROW layer deposited using a PECVD process and a TEOS
precursor gas. (a) A cross section showing the improved conformality of the SiO2 TEOS film and (b) A cross
section showing areas where compressive stress has damaged the SiO2 film.

3.2.4

Conformal PECVD SiO2 Films Using Spin on Glass
Another method that has been investigated to improve the conformality of SiO2 PECVD

films specifically around the sharp corners of the SU8 photoresist core of the ARROW
waveguides is to use spin on glass (SOG) as a gap filling material as shown in the process flow
diagram in Figure 3.16. The method is known as the Spin on Glass method (SOG). SOG
materials have been widely used as a diffusion source or a planarizing dielectric for multilevel
metalization schemes in the fabrication of integrated circuits [87]. SOG is in general a Si-O
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network of polymers in organic solvents as shown in Figure 3.17 that is called an organo-silicon
compound and is prepared through a hydrolysis condensation reaction [94].

(a)

(b)

(c)
Figure 3.16: The process flow diagram for the deposition of conformal SiO2 PECVD films using SOG as a
filling material.

Figure 3.17: The SOG organo-silicon molecule made up of Si-O networks [94].
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The SOG method works by first depositing all of the top ARROW layers except the final
thick SiO2 layer. The SOG film is then usually deposited by a spinning technique. Prior to
spinning the SOG needs to be stored in a refrigerator and heated to room temperature before it is
applied to a substrate. A silicon substrate wafer is placed on a spinner and about one ml of SOG
is dropped on the centre of the substrate. Then the substrate is immediately rotated producing a
film of a few hundred nanometers thickness. Controlling the thickness is a matter of controlling
the solution viscosity. Typical solution viscosity is 3 – 10 mPa-s. Typical surface tension is 3050x10-3 N/m. Knowing the viscosity and oxide concentration of the solution, a film thickness
can be achieved by controlling the spinning rate. In order to control the viscosity of our SOG, it
is spun on over the top of the ARROW layers in a diluted mixture. We use a commercially
available SOG product GR-6544L (Techniglass) that is further diluted by isopropyl alcohol in a
ratio of (1:20) (SOG:isopropyl). This dilutes the SOG sufficiently that when it is spun on it will
only fill in the gaps at the sharp corners of the ARROW sacrificial core as shown in Figure
3.18(a). Finally, the final thick SiO2 layer is grown over the top of the ARROW layers and SOG.
The fabrication process of this SOG method is given Appendix A. The result is a much more
conformal thick SiO2 layer as shown in Figure 3.18(b).
However, it should be noted that fabrication challenges still exist that must be overcome
before the SOG can be used for large scale production of ARROW platforms. The main
fabrication challenge is the non-conformal coating of SOG when spun on 4 inch silicon wafers
that contain multiple ARROW platforms. For this case, typically, one side of the ARROW
hollow core will have a thicker coat of SOG than the other side due to the spinner rotating in a
single direction.

This leads to inconsistent waveguide optical characteristics and damaged
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waveguides during later fabrication steps. This fabrication challenge should be overcome by
optimizing the SOG mixture or by changing the ARROW platform design in the future.

(a)

(b)

Figure 3.18: SEM images of (a) SOG filling in the crevice or non-conformal top ARROW layers and (b)
Subsequent conformal SiO2 layer that was deposited over the SOG.

3.2.5

PECVD SiN and SiO2 ARROW Film Photoluminescence
Hollow ARROW waveguide platforms are particularly useful for ﬂuorescence sensing

applications, including very sensitive ﬂuorescence detection of biological particles in aqueous
solutions [65, 95]. For fluorescence sensing application, particularly for low concentrations of
particles, the fluorescence signal from the particles must be distinguishable from the ﬂuorescence
background noise or other fluorescence sources for reliable particle detection.

It is well

documented that Silicon, SiN, and SiO2 have photoluminescence (PL) signals in the visible and
near IR range [96, 97]. These materials are sources that emit an undesirable PL signal that can
complicate the detection of fluorescence signals form particles. Because these materials are used
as the cladding layers for the fabrication of our ARROW platforms, it is desirable to find ways to
modify these films so that they have lower PL or to find alternate materials that have lower PL.
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Therefore, our ARROW waveguides, we have begun by investigating the PL contributions of
standard PECVD SiN and SiO2 films deposited in the IML. For our PL tests, a HeNe laser (λ =
632.817 nm) was used for normal excitation of the samples, and an objective (50x, 0.5 NA) was
used to couple light into a LabRAM HR spectrometer (Horiba Jobin Yvon) to collect the emitted
spectral PL data. The PL intensity was measured for a bare silicon wafer and 150 nm thick SiN
and SiO2 layers on silicon.

After data collection, the PL contribution for the silicon was

subtracted from the data for the SiN and SiO2 layers, and the resulting PL intensity over the
wavelength spectra from 680 – 840 nm is shown in Figure 3.19. It can be seen that for layers of
equal thicknesses the PL of the PECVD SiN is signiﬁcantly higher than that of the PECVD SiO2
when both are deposited at substrate temperatures of 250°C. Although our ARROW waveguide
platform design dictates that the thickness of SiO2 layer is greater than the SiN layer, the much
higher PL per unit thickness for SiN indicates that the SiN layers are the main source of
background ﬂuorescence in the ARROW waveguide platform.
There are two ways to reduce the background PL of SiN cladding material. First, the SiN
can be replaced with a different material that has a lower PL. This can be difficult though
because a suitable replacement material must have many similar optical and mechanical
properties of SiN, such as the film index of refraction, thickness, roughness, and stress.
Additionally, the replacement material must also be compatible with other ARROW platform
fabrication steps including the ability to with stand solvents, acids, and high deposition
temperatures. Tantalum Oxide, Ta2O5, is one material which meets most of these requirements
and has been used to fabricate ARROW platforms [98]. However, it is not an ideal material
because it must be sputtered rather than deposited by PECVD deposition and so it adds
additional fabrication complexity to the ARROW platform. Ta2O5 also only has a tunable
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refractive index of n = 1.95 – 2.00 which is not as wide a range as the tunable refractive index of
SiN and so is limited in the potential ARROW designs that it can accommodate.

Figure 3.19 The PL intensity spectra for single 150 nm thick SiN and SiO2 films deposited on silicon
substrates at substrate temperatures of 250°C.

Finally, Ta2O5 films are structurally more porous and compressively stressed films which
makes them more vulnerable to etching by solvents and acids and causes them to fracture and
break more often than SiN films [99, 100].
The second way to reduce the PL of the SiN cladding material is to find a way to modify
the SiN such that the PL is reduced. For this case, the change in the PL of the SiN film is made
by changing one or more deposition parameters. Others have reported that PECVD SiN ﬁlms
that are deposited at low temperatures tend to have reduced PL [101, 102]. In order to verify this
claim, we have deposited PECVD SiN and SiO2 150 nm thick single films on silicon substrates
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at deposition temperatures of 100°C and 250°C. These temperatures were chosen because they
represent the limits of the temperature range that is compatible with our fabrication equipment
and processes. The PL intensity spectra were then measured using the same method and
equipment that was described in this section previously. Figure 3.20 shows the PL spectra
intensity for SiN and SiO2 with substrate deposition temperatures of 100°C and 250°C after
subtracting the contribution from the silicon wafer.

Figure 3.20: The PL spectra intensity of PECVD SiN and SiO2 150 nm thick single films on silicon substrates
at deposited at substrate temperatures of 100°C and 250°C.

The data indicates that the PL intensity is lower for PECVD SiN and SiO2 ﬁlms deposited
at 100°C than those deposited at 250°C, as expected.

However, the reduction in PL of SiO2

films deposited at 100°C is not significant enough to justify the resulting additional strain and
decreased longevity of the PECVD 2 tool. The PECVD 1 tool, however, is able to deposit
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100°C SiN layers very easily and this change constitutes a significant reduction of the PL
intensity spectra of SiN. For this reason, ARROW waveguides platforms have been fabricated
with PECVD SiN and SiO2 ﬁlms deposited at 100°C and 250°C respectively. This has provided
a much reduced lower background PL for completed ARROW waveguides which is described in
detail in Chapter 5.

3.3

Introduction to Photolithography
Photolithography is a process that makes parallel processing of semiconductors possible.

Photolithography relies upon a light-sensitive material, called photoresist, which can be
deposited on a variety of different substrates. Selective exposure of the photoresist with UV
light through a photomask transfers the pattern from the mask into the photoresist [82]. A
simplified photolithography process that is used for the fabrication of ARROW platforms is
shown in Figure 3.21. Typically the photolithography process will begin wih the deposition of
an adhesion promoter on the substrate. This allows photoresist to adhere to substrate surfaces
that it would not be able to under normal conditions. This is followed by the application of the
photoresist by a spinning process. Next an aligner and photomask is used to selectively expose
the photoresist with UV light to create a desired pattern.

The dark or clear areas of the

photomask will depend upon whether the tone of the photoresist is negative or positive. Positive
tone photoresist is removed and negative tone photoresist will remain when it is exposed to UV
light. Finally, the substrate is immersed in a developer to remove the photoresist that has been
exposed to UV light. There are many types of photoresist developers available and in general
the correct selection depends upon the chemistry and tone of the photoresist used on the
substrate.
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Figure 3.21: Photolithography process for negative and positive tone photoresist.

3.4

Photoresist Processing
Now that we have a basic understanding of how photolightography and photoresists work

we will look in more detail at the typical process flow for patterning a photoresist feature.
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Figure 3.22 A detailed step by step process flow diagram for patterning a generic photoresist.
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We will also describe the individual steps that are used to pattern photoresist films for ARROW
sacrificial cores, solid core waveguides, and core exposing. To begin, Figure 3.22 shows a
detailed step by step process flow diagram for patterning a generic photoresist. Different steps in
Figure 3.22 are further categorized and color coded according to their similarities. For example,
the steps that are colored green indicate a baking process, red a spin process, blue an exposure
process, and yellow a development process. Each of the these individual steps will be described
in more detail in the following sections beginning with the surface cleaning of the substrate and
how that is accomplished.

3.4.1

Substrate Surface Cleaning
The processing of creating photoresists patterns begins with first ensuring good adhesion

with the substrate. This can be a variety of different materials however, in our case we are
mainly concerned with silicon, SiN, SiO2 and chrome substrates. For good adhesion to occur it
is important to have a clean, dry surface. Because of this, wafers are often cleaned with a
combination of different particle and metal removal chemical solutions.

Typical chemical

solutions that are used to clean ARROW platform substrates materials are piranha
(H2SO4:H2O2), RCA-1 or SC-1, and RCA-2 or SC-2 [103].

These chemical solutions are

capable of completely removing any organic or metallic contaminants on the wafer surface.
Piranha is an acid that is particularly aggressive and is used to clean difficult to remove organic
contaminants such as highly crosslinked photoresist residues which is described in detail in
Chapter 4.
The standard RCA-1 or SC-1 clean is used to remove particles off of the substrate
surface. Particles are removed in this step by undercutting the native oxide layer upon which the
particles rest causing them to be dislodged and removed. The chemistry used in this step is
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comprised of ammonium hydroxide, hydrogen peroxide, and DI water. This mixture removes
any remaining organics by oxidative dissolution. Further, many metal contaminants (Au, Ag,
Cu, Ni, Cd, Co, and Cr) are dissolved and removed from the surface. The RCA-1 or SC-1
compounds NH4OH (29 wt% as NH3), 30% H2O2, and DI water are mixed in a (1:1:5) ratio by
volume respectively. The ammonia (NH3) serves as a mild oxide etchant and the hydrogen
peroxide (H2O2) serves as a powerful silicon oxidizer. Wafers are usually held for 5 – 10
minutes in this solution at RT and are then rinsed in DI water.
The next step is to remove any metal contaminants from the surface of the substrate using
an RCA-2 or SC-2. The chemistry used in this step is a mixture of HCl (37 wt%), H2O2, and DI
water that are generally mixed in a (1:1:6) ratio by volume respectively. The wafers are
immersed in the solution for 5 - 10 minutes at RT and are then rinsed in DI water. This process
removes alkali ions, NH4OH insoluble hydroxides such as AlOH3, MgOH3, and ZnOH3, and any
residual trace metals, such as gold and copper, that were not completely desorbed by RCA-1 or
SC-1 clean are readily removed by the chlorine to form molecules that do not adhere to the wafer
surface.
In addition to chemical cleans oxygen plasma descumming [104] is also commonly used
to remove moisture and photoresist residues from substrate surfaces and is described in more
detail later in this chapter. These cleaning steps or a combination of them ensure that all foreign
particles and contaminants are removed from the surface of our different substrate materials.

3.4.2

Dehydration Baking
After surface cleaning of the substrate, the wafers are dehydration baked to completely

remove any water (H2O) or moisture from the surface that can interfere with the photoresist
adhesion. Dehydration baking ensures that any H2O on the sample evaporates out. This is
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especially important for samples that oxidize easily like silicon or SiO2 that are usually covered
with a layer of H2O that is physisorbed from H2O vapor available in the air [82]. If the water is
not removed from the surface of the substrate with a dehydration bake then when the photoresist
is coated onto the sample, the photoresist will adhere to the H2O and not to the sample as shown
in Figure 3.23. This could result in poor adhesion that could lead to delamination or deformation
of the photoresist pattern.

Figure 3.23: A diagram of photoresist adhering to H2O molecules that were not removed using a dehydration
bake [82].

When the substrate surface is properly dehydrated the H2O is removed from the surface
of the substrate allowing for good adhesion between the photoresist and substrate surface as
shown in Figure 3.24. For our dehydration bake, we heat our substrates at 200°C for 10 – 15
minutes on a hotplate (Fischer Scientific) to ensure sufficient dehydration.
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Figure 3.24: Thermal dehydration of a hydrated native oxide on a silicon substrate at temperatures of 100 –
200°C and the resulting well adhered photoresist film [82].

Figure 3.25 shows a top view of an optical microscope image of two SU8 photoresist
lines that have been patterned on a silicon substrate. The photoresist line on the left has adhered
to the substrate well and has a straight, clean pattern. However, the photoresist on the right has
not adhered well to the substrate and sections that are detached from the photoresist appear wavy
and thin.
Finally, Figure 3.26(a) and (b) show SEM images of ARROW platform PECVD films
that have become delaminated and fractured due to improper dehydration baking. The moisture
that remained on the substrate surface evaporated and expanded during high temperature
processing steps and caused the “bubbling” of the films that is observed. For these reasons it is
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essential that proper dehydration baking be performed for photoresist adhesion and subsequent
PECVD film adhesion for ARROW platforms.

Figure 3.25: An optical microscope image of a top view of two SU8 photoresist lines that have adhered
properly (left) and that have not adhered properly (right).

(a)

(b)

Figure 3.26: SEM images of ARROW platform PECVD films that have become delaminated and fractured
due to improper dehydration baking during subsequent high temperature processing (a) zoomed in and (b)
zoomed out.
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3.4.3

Adhesion Promoters
At this point, to further ensure good adhesion between the photoresist and substrate

sometimes an adhesion promoter is used. Hexamethyldisilazane (HMDS), [(CH3)2Si]2NH, is a
common adhesion promoter that we typically use for most positive and negative tone
photoresists [87, 105]. This is especially necessary for very fine patterns or for surfaces such as
glass or dielectrics, which typically have poor photoresist adhesion. HMDS is applied by fixing
the substrate to a spinner (Laurell) and dripping 3 – 5 drops of HMDS in the center of the
substrate. The wafer is then immediately spun at 3000 rpm for 15 – 30 seconds and then
removed from the spinner. This completes the application of the HMDS on the substrate and it is
ready for photoresist application. Alternately HMDS may also be applied using a vapor priming
method. For this method first the substrate is typically heated in a convection oven for at 150°C
for 10 minutes. At the completion of the baking, 5 – 10 drops of HMDS are placed in a Teflon
vacuum sealed container and the wafer is quickly moved from the convection oven and placed
inside the container and sealed. The container and substrate are then placed on a hotplate
(Fischer Scientific) for 5 minutes to more completely evaporate the HMDS on the surface of the
wafer. This method produces a more uniform coating of HMDS than the spin on method and is
usually preferred. For both of these methods the HMDS primer will bond with the substrate to
seal out moisture thereby causing photoresist to adhere better to the substrate. The likely
decomposition reaction mechanism by which HMDS works is shown in Figure 3.27. The
Si(CH3)3 groups in this case bond well with most photoresists creating good adhesion between
the substrate and the photoresist [105].
Omnicoat is another adhesion promoter that is specifically used for SU8 photoresists
[106]. It is applied by dropping 3 – 5 drops in the center of the substrate and then spinning the
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wafer at 3000 rpm for 30 seconds. The substrate is then heated at 200C for 1 minute to activate
the Omnicoat surface. While this provides a good adhesion layer for SU8 photoresists, due to
the excellent adhesion of SU8 with most substrates we rarely use Omnicoat. Now that the
surface of our substrate is prepared we can begin the process of applying photoresist.

Figure 3.27: The likely decomposition reaction mechanism by which HMDS creates Si(CH3)3 groups that
bond well with most photoresists [105].

3.4.4

Photoresist Selection
The first step in photoresist application is the selection of the right photoresist for the

application that it will be used for. Several important considerations are: the photoresist tone,
light wavelength sensitivity, photoresist contrast, photoresist thickness, photoresist geometry,
etch mask selectivity, developer solubility, and compatibility with subsequent processing steps.
For ARROW platforms the selection of a particular photoresist typically depends on several of
these considerations. For example, the photoresist tone must be compatible with the mask sets
that are available. The photoresist must be capable of thicknesses that are required for different
ARROW designs. It must be able to be processed at UV wavelengths exposures of 365 nm that
our aligner tool uses. The correct developers must be available to create the photoresist pattern.
Finally, the photoresist must also be compatible with subsequent fabrication steps that use acids,
solvents, and high temperatures (250°C). A good photoresist will usually meet most if not all of
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these requirements to be used for the fabrication of ARROW waveguide platforms. The SU8,
AZ3330, and AZP4620 have generally been identified as photoresist that meet many of these
requirements and they are all typically used for different fabrication processes of the ARROW
waveguide platform.

3.4.5

Photoresist Wavelength Classification
Photoresists may be classified by the wavelength of light that they respond to during

exposure. The typical emission spectrum of a mask aligner or stepper with a mercury (Hg) light
source that don’t have optical selective mirrors/filters contains g- (436 nm), h- (405 nm) and iline (365 nm) wavelength light as shown in Figure 3.28.

Figure 3.28: Wavelength spectrum for a mercury (Hg) light source without filtering [107].
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The i-line intensity is approximately 40 % of the total emission between 440 and 340 nm. For
our purposes and for the equipment that is readily, widely, and most economically available we
primarily use photoresists that are chemically altered by UV light at wavelengths of 365nm (iline).

3.4.6

Photoresist Tone Classification
Within the realm of photoresists there are also two types of classification of different

photoresists: positive and negative tone [87].

A comparison of the advantages and

disadvantages, in general, of each tone of photoresist are described in Table 3.5.

Table 3.5: A comparison of the properties of negative and positive tone photoresists.

Characteristic

Positive Tone Photoresist
(Novolak)

Negative Tone Photoresist
(Azide/Isoprene)

Adhesion to Silicon

Fair

Excellent

Relative Cost

More

Less

Developer

Aqueous

Organic Solvent

Swelling During Development

No

Yes

Minimum CD

0.5 µm

2.0 µm

Step Coverage

Good

Fair

Wet Chemical Resistance

Fair

Excellent

Removal

Environmentally benign
strippers

Toxic Strippers

Sensitivity to atmosphere

Operates well in air

Sensitive to ambient oxygen

A positive photoresist is a type of photoresist in which the portion of the photoresist that
is exposed to light becomes soluble to the photoresist developer. The portion of the photoresist
that is unexposed remains insoluble to the photoresist developer. A negative photoresist behaves
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in exactly the opposite manner where the portion of the photoresist that is exposed to light
becomes insoluble to the photoresist developer. The unexposed portion of the photoresist is
dissolved by the photoresist developer. These two processes have already been shown in the
flow diagram in Figure 3.21. We use both tones of photoresist for different fabrication process
of the ARROW platforms. To better understand how we select a photoresist for a fabrication
process, the chemistry of photoresists is presented in more detail in the next sections.

3.4.7

Photoresist Chemical Composition
If we are to meet the requirements of our ARROW fabrication processes we must first

understand the chemical composition of photoresists. The four basic chemical components of a
photoresist are the polymer, the solvent, sensitizers, and other additives [108, 109]. The role of
the polymer is to either polymerize or photosolubilize when exposed to light. Solvents allow the
photoresist to be applied by spin coating. The sensitizers control the photochemical reactions
and additives may be used to facilitate processing or to enhance material properties.
Photochemical changes to polymers are essential to the functionality of a photoresist.
Polymers are composed primarily of carbon, hydrogen, and oxygen based molecules
arranged in a repeated pattern. Negative photoresists are based on polyisopreme polymers which
are not chemically bonded to each other but upon exposure to light crosslink or polymerize.
Positive photoresists are formulated from phenol formaldehyde novolak resins which are
relatively insoluble but upon exposure to light undergo photosolubilization and become more
soluble.
Solvents are required to make the photoresist a liquid, which allows the resist to be spun
onto a substrate. The solvents used in negative photoresists are nonpolar organic solvents such
as toluene, xylene, and halogenated aliphatic hydrocarbons. In positive resists, a variety of
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organic solvents such as ethyl cellosolve acetate, ethoxyethyl acetate, diglyme, or cyclohexanone
may be used [108].
Photosensitizers are used to control or cause polymer reactions resulting in the
photosolubilization or crosslinking of the polymer. The sensitizers may also be used to broaden
or narrow the wavelength response of the photoresist. Bisazide sensitizers are used in negative
photoresists while positive photoresists utilize diazonaphthoquinones. One measure of
photosensitizers is their quantum efficiencies which is the fraction of photons which result in
photochemical reactions. The quantum efficiency of positive diazonaphthoquinone photoresist
sensitizers has been measured to be 0.2 – 0.3 and negative bisazide sensitizers are in the range of
0.5 – 1.0 [110].
Additives are also introduced into photoresists depending on the specific needs of the
application. Additives are commonly used to increase photon absorption, control light within the
resist film, and as adhesion promoters.

3.4.8

SU8 Negative Tone Photoresist
Negative photoresists were some of the first and most predominantly used photoresist

because of their excellent mechanical properties.

All negative photoresists function by

crosslinking a chemically reactive polymer via a photosensitive agent that initiates the chemical
crosslinking reaction. The earliest photoresists used in the semiconductor industry, such as
Kodak’s KTFR resist, were based on the crosslinking of cyclized rubber using an additive that
contained two azide groups. We commonly and almost exclusively use the negative photoresist
SU8 for our ARROW waveguide platform processing which is based upon the crosslinking of
epoxy molecules. The SU8 polymer was originally developed, and patented by IBM-Watson
Research Center [111]. In 1997 the material has was adapted for MEMS applications by EPFL87

Institute of Microsystems and IBM-Zurich (CH) [112]. SU8 consists of three basic components:
an epoxy called Epon SU8, a solvent called gamma-Butyrolactone (GBL), and a photoacid
generator taken from the family of the triarylium-sulfonium salts. During exposure to UV light
the photoacid is photochemically produced in the solid photoresist film upon absorption of light.
The photoacid acts as a catalyst in the subsequent crosslinking reaction that takes place during
post exposure baking (PEB). The cross-linking reaction takes place in a “zipping up” fashion,
where each epoxy group can react with another epoxy group, either in the same or
different SU8 molecule as shown in Figure 3.29 [113]. SU8 photoresist comes in several
different formulations but we typically use SU8-10 and SU8-3005 for ARROW platform
fabrication processes.

Figure 3.29 Two individual SU8 molecules and the UV exposure and PEB heating that initiates the chemical
reaction that crosslinks the two SU8 molecules [113].
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SU8 photoresist is exclusively used as the sacrificial core material and is commonly used for the
solid core etch mask for our ARROW platforms because of the high degree of crosslinking that
occurs during its processing [31]. The high degree of crosslinking enables the SU8 to withstand
high temperatures, acids, and solvents that are used during subsequent fabrication processing
steps while maintaining its smooth, rectangular shaped core geometry. For these reasons it is an
excellent sacrificial core material. SU8 also has a relatively high selectivity to SiO2 and since it
is photo definable and can be deposited with 5 – 30 μm thicknesses it is an excellent choice for a
masking material when etching the solid core waveguides.

3.4.9

AZ3330 and AZP4620 Positive Tone Photoresist
Positive photoresists have become more widely used in the semiconductor industry in the

past decades because of the ease of its removal using more gentle solvents and developers.
Positive photoresist generally consists of three components: a solvent, a photoactive compound
(PAC), and a base material (resin) [82, 114]. The solvent controls the mechanical properties of
the photoresist. It is what makes the photoresist liquid and controls the viscosity. The PAC is
called diazide napthaquinone (DNQ) and it is a photoactive compound that inhibits the
dissolution rate in developer before exposure to UV light. However, after exposure to UV light
it makes the photoresist highly soluble in developer. The photoresist also contains a resin called
Novolak which is a copolymer of a phenol and formaldehyde as shown in Figure 3.30. Novolak
resin is soluble in aqueous, basic solutions, such as NaOH, KOH, or tetramethylammonium
hydroxide (TMAH) in water, which are typically used as developers for DNQ resists. DNQ is an
insoluble material in such solutions, and when a sufficient amount of DNQ is mixed with
novolak resin, the resulting mixture dissolves at extremely slow rates in basic solutions.
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Figure 3.30: The Novolak resin molecule which is a copolymer of a phenol and formaldehyde [114].

DNQ reacts photochemically under exposure to light of a 365 nm wavelength.

The

photochemical reaction of DNQ is illustrated in Figure 3.31.

Figure 3.31: The basic photochemistry of DNQ photoactive compounds [114].

Upon absorption of a photon, the DNQ molecule evolves molecular nitrogen and forms a ketocarbene, a short lived intermediate that rearranges into more stable ketene structure. This ketene
is reactive with water and the ketene ultimately converts to indenecarboxylic acid. This acid,
unlike unexposed DNQ, is soluble in basic aqueous solutions and does not inhibit the dissolution
of the Novolak. Thie transformation of the DNQ under exposure to light from a compound that
is insoluble in developer to one that is soluble is what allows the positive photoresist pattern to
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be created [115].

We typically use AZ3330 and AZP4620 (Microchem Corp.) positive

photoresist for fabrication of ARROW platforms. The AZ3330 is used for a liftoff process that
patterns a micropore stop etch chrome feature that will be described in more detail in Chapter 7
and AZP4620 is used as an etch mask material for core exposing. For each of these photoresists
the main advantage that they offer is that they are able to be easily removed after they are used in
solvents such as Acetone, NMP, or 1165. This is important since they are often used to pattern
features on the delicate hollow core section of the ARROW platform. The next step is then the
physical application of the photoresist.

3.4.10 Photoresist Application: Spinning
Following substrate pretreatment and photoresist selection, the wafer is mounted on a
spinner using a vacuum wafer chuck. A small puddle, usually 5 – 10 mL, of liquid photoresist is
poured on the center of the wafer before the wafer is started spinning which is called a static
dispense. The wafer is then spun at high speed, typically 2000 – 6000 rpm to spread the
photoresist to an even thickness over the surface of the substrate as shown in Figure 3.32.
This spinning process can result in a very uniform coating of photoresist on the wafer surface,
where the speed and time of spinning affect the thickness of the film. The final thickness of the
photoresist, Tpr, after spin coating is related to the rotational speed, f, of the spin coater by [82]:

𝑇𝑝𝑟 =

�1+

𝑇𝑝𝑟0

16𝜋2 𝑓2 2
𝑇𝑝𝑟0 𝑡
3𝜂

,

(3.8)
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Figure 3.32: The photoresist application process using a static dispense method [82].

where Tpr0 is the initial thickness of the photoresist and η is the fluids viscosity. Using this
relationship the final film thickness can be determined by adjusting the viscosity, rotational
speed, or spin time. Higher spin speeds, longe spin times, or lower viscocity photoresists will
result in thinner films.
The resist spin speed curves for used to predict the final film thicknesses of the
photoresists that we commonly use for ARROW platform fabrication are shown in Figure 3.33.
The photoresists that we commonly use are AZ3330, AZP4620, SU8-10, and SU8-3005. The
wafers usually have a three step spinning process. For the first step they are spun at a low speed
for a short amount of time to spread the resist evenly across the wafer which greatly minimizes
comets or sharks teeth in the photoresist. The second step is used for spinning the resist to the
desired thickness. Finally, the last spin step is done at a high spin speed for a very short amount
of time to remove the edge bead or minimize it. Our wafers are also spun on chuck which has a
smaller diameter than the substrate to prevent edge bead. Edge bead is the accumulation of
photoresist at the edge of the wafer due to surface tensions. The spin recipes for each of the
photoresists are shown in the table below in Table 3.6.
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Figure 3.33: The spin curves for SU8-10, SU8-3005, AZ3330, and AZP4620 photoresists.

Table 3.6: The spin recipes for AZ3330, AZP4620, SU8-10, and SU8-3005 photoresists.

Photoresist f1 (RPM)

t1 (s)

f2 (RPM)

t2 (s)

f3 (RPM)

t3 (s)

Tpr (μm)

AZ3330

500

6

1500

60

6000

2

5.5

AZP4620

300

3

1800

20

1600

120

15

SU8-10

500

6

4500

60

6000

2

5

SU8-3005

500

6

1000

60

6000

3

10

3.4.11 Photoresist Soft Baking
At this point, the photoresist film still contains a large amount of solvent. As previously
mentioned the solvent is used to make the photoresist liquid and controls its viscosity. The soft
baking step is used to remove the solvent from the photoresist prior to further processing. Soft
baking allows the solvent to slowly evaporate out of the photoresist, densifying and solidifying
the photoresist film as shown in Figure 3.34.
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Figure 3.34: A diagram of the solvent removal from a photoresist and the resulting reduction of the final
photoresist film thickness [82].

The soft baking is conducted by placing the wafer directly on a level hotplate at 90 –
95°C for 3 – 10 minutes for most photoresists. For the photoresist that we use for ARROW
fabrication the soft baking times and temperatures vary widely and the recipes that we use are
shown in Table 3.7.

Table 3.7: The soft baking recipes for AZ3330, AZP4620, SU8-10, and SU8-3005 photoresists.

Photoresist

Temperature (°C)

Time (min)

SU8-10

95

10

SU8-3005

95

8

AZ3330

90

5

70 – 90 – 100

1–2–5

AZP4620

When the soft baking is completed most of the solvent is removed so that the thickness of
the thickness of the photoresist is decreased by about 25%.

Soft baking also makes the

photoresist more sensitive to UV light. If the soft bake step is too short then the UV light will be
prevented from reaching the photo active compound in the resist due to an excess of solvent
remaining in the photoresist.

On the other hand, if the soft bake is too long the sample will

increase the sensitivity to UV light and, in severe cases, may destroy the photoactive compound
and reduce the solubility of the photoresist in the developer [116].
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3.4.12 Photoresist UV Exposure
After soft baking, the next step is exposing the photoresist film to UV light. During this
process a lithography tool called an aligner is used with a lithographic mask to selectively expose
parts of the photoresist film to UV light as shown in Figure 3.35 [82].

Figure 3.35: The general process used to lithographically expose a photoresist and transfer a pattern into the
photoresist with a photo mask.

The general process that we follow in the IML is that the substrate is removed from the
hot plate after the completion of the soft bake.

The substrate is placed on a specialized

cleanroom towel that does not create particles from fibers that would be normally be used for
paper towels. The substrate is allowed to cool on a ceramic surface on the cleanroom towel for 5
minutes before the substrate is loaded into exposure tool. It is important that prior to loading the
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substrate that the back of the substrate if very clean so that a good seal can be formed with the
wafer and chuck so that it doesn’t not move around during subsequent exposure steps. In the
IML, we use the Karl Suss MA150 contact aligners (Karl Suss, Waterbury, VT), which are
calibrated to deliver a 10 mW/cm2 intensity UV light exposure using an i-line 365nm wavelength
Hg lamp, as our exposure tools. The Karl Suss aligner is well matched to the absorbance and
spectral sensitivity of SU8, AZ3330, and AZP4620 which is approximately 0.05 – 0.5 for films
thicknesses of 1 – 500 μm respectively. This allows UV light to be very efficiently transferred
through the entire thickness of the photoresist film. Once the substrate is loaded onto the
vacuum chuck of the exposure tool, the vacuum chuck descends below the alignment stage so
that the photo mask can be loaded. The photo mask is generally an 6 inch x 6 inch quartz or
glass substrate which has a thin layer of reflective chrome deposited on one of its sides in which
a pattern has been created. It is equally important that the photo mask and its vacuum stage be
cleaned so that they form a good seal and do not move or release during alignment steps. It is
also important that the photo mask and wafer surface are clean so that particles on the surface do
not introduce gaps between the mask and wafer that would lead to diffraction or reflection issues
causing poor feature resolution. The photo mask should also be made of high quality materials
so that there are not defects during exposure.
Finally, the photomask is loaded with the chrome side facing down and in contact with
the photoresist film to reduce diffraction effects and produce the highest contrast image in the
photoresist. The exposure recipe is now loaded into the aligner. There are several important
considerations when choosing an optimal exposure recipe: the exposure time, exposure intensity,
contact mode, contact time, alignment gap, and photoresist mode. The exposure intensity for our
aligner is set at 10 mW/cm2 and functions at this intensity setting very consistently. The
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photoresist mode is chosen depending on the tone of the photoresist that is being used, negative
or positive. Each mode uses slightly different filters so that the UV light wavelength is adjusted
for the optimal wavelength of the photoresist. The optimal exposure wavelength is important
since the exposure wavelength limits the theoretical resolution limit: small transparent features in
the photomask act as slits causing an interference pattern on/in the resist film, which later
transfers into the resist features after development. Usually the distribution of the light intensity
differs from an ideal, sharply bounded rectangular distribution. Since the dimensions of the
diffraction pattern increases with the exposure wavelength, smaller wavelengths improve the
theoretical attainable resolution.
The Karl Suss contact aligner has four different contact modes proximity, soft contact,
hard contact, and vacuum contact. In general, smaller separations between the mask and the
wafer produce higher fidelity pattern transfer. Large separation during exposure results in
diffraction and leads to widening or shrinking of the photoresist features and can also change the
profile of the photoresist features [117]. For this reason it is most common that we use the hard
contact mode that places the photoresist in direct contact with the photo mask. Typically the
contact mode time that will be used is 10 seconds. This is usually a sufficient amount of time to
ensure that the photoresist film and photo mask have an optimal contact between their two
surfaces.

The alignment gap is dictated by the topography of the substrate. If there are three

dimensional features already patterned on the surface of the substrate that may be covered by the
photoresist film then the alignment gap should be wide enough so that the photo mask does not
come into contact with these features.

However, the smallest alignment gaps are always

preferred so that when the wafer is brought into hard contact mode with the wafer the pre
alignment is very close to the final position that the wafer and photo mask have in hard contact
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mode. We typically will use a contact alignment gap that is in the range of 10 – 50 μm for our
photoresist processing.
The exposure time is the last important consideration. The optimal exposure conditions
for the SU8, AZ3330, and AZP4620 photoresist films that are used for ARROW platform
fabrication are shown in Table 3.8.

Table 3.8: The optimal exposure conditions for SU8, AZ3330, and AZP4620.

Exposure
Time (s)

Exposure Intensity
(mW/cm2)

Film Thickness
(μm)

Alignment
Gap (μm)

Contact
Mode

SU8-10

15

10

5

50

Hard

SU8-3005

13

10

5

10

Hard

AZ3330

30

10

5

50

Hard

AZP4620

90

10

30

50

Hard

Photoresist

For most positive photoresist applications, the optimum exposure time is the one where
the development rate starts to saturate. If the exposure time is too low, you have under exposure
and the development time and thus the dark erosion increase. If the exposure time is too high
this can cause over exposure of the photoresist and light scattering and diffraction in the resist
film which deteriorates the resolution [82]. For negative photoresists, the optimum exposure
time depends on the required degree of crosslinking as well as the desired resist sidewall profile.
In order to determine the optimal exposure then for each of these photoresists, several wafers are
generally prepared with similar processing conditions and the amount of exposure time is varied
over a wide range of different times. This delivers different exposure dosages to the wafers and
produces different photoresist profiles. The photoresist structures are viewed using an SEM to
determine the optimal exposure dosage for the desired photoresist pattern.
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3.4.13 Post Exposure Baking: Negative Photoresists
The processing steps diverge for positive and negative resist after exposure, as shown in
Figure 3.22. Exposure is followed by development for positive resist, where the wafer is
immersed in a liquid developer, which selectively removes the exposed portion of the resist.
However, negative photoresists require another baking step called a post exposure bake (PEB) to
further crosslink the exposed photoresist [118]. The negative photoresists SU8-10 and SU83005 will often require further baking to crosslink the exposed photoresist. Post exposure bakes
are typically done on level hot plates in the IML. The post expose bakes are typically done at
95°C for 3 – 10 minutes depending on the thickness of the photoresist film. After the PEB an
optional slow ramp cool down can be performed prior to removing the wafer from the hotplate.
For this step the wafer is allowed to cool from 95°C to 65°C over a period of 10 minutes. A
slow cool down can reduce the stress in photoresist films and is sometimes necessary for
complicated photoresist structures to prevent delamination and peeling. Afterwards the wafers
are removed from the hotplates and placed on a specialized cleanroom towel on a ceramic
surface and allowed to eventually cool down for 5 minutes.

3.4.14 Development and Developers
After PEB is complete, the unexposed negative photoresist or exposed positive
photoresist is removed by dissolution in the proper developer, and the pattern is complete. For
positive photoresist base, aqueous solutions are used and for negative photoresists organic
solvent solutions are used [82]. In the IML we use several different types of developers to
develop the photoresists AZ3330, AZP4620, SU8-10, and SU8-3005. For AZ3330 we use a
commercial developer called AZ 300 MIF (AZ Electronic Materials). AZ 300 MIF positive
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photoresist developer is a high purity formulation of the industry standard 2.38 weight %
tetramethylammonium hydroxide (TMAH) and 0.261N metal-ion-free developer.

It is

formulated to meet the microlithographic and process requirements for sub-0.5 μm technology.
AZ 300 MIF developer is a non surfactated material for use in spray and spray puddle processes.
We typically immerse develop AZ3330 in a bath of AZ 300 MIF for 30 seconds for 5 μm thick
photoresist films. Once the development is complete the wafer is rinsed under DI water and
blown dry with a nitrogen gun.
AZP4620 is developed in a commercial developer called AZ 400K (AZ Electronic
Materials). AZ 400K is a buffered potassium-based developer that provides the process latitude
associated with inorganic developers while minimizing risk associated with mobile ion
contamination. AZ 400K can be used for both spray and immersion processes however, we use
an immersion process. Typically for AZP4620 films of 20 – 30 μm it will take 5 – 10 minutes
for the films to completely develop. Upon completion, the wafer is rinsed under DI water and
blown dry with a nitrogen gun.
SU8-10 and SU8-3005 are both developed in the commercially available SU8 developer
(Microchem Corp.). SU8 developer is an organic solvent solution that mostly contains 1Methoxy-2-propyl acetate. SU-8 resists have been optimized for use with SU-8 developer,
however, other solvent based developers such as ethyl lactate and diacetone alcohol may also be
used. Immersion, spray or spray puddle processes can be used to develop SU8. We use an
immersion process, where the wafer is inserted upside down in a wafer holder and completely
immersed in the SU8 developer. With the wafer immersed upside down it is thought that gravity
transports the developed SU8 to the bottom of the bath leaving less particulate on the surface of
the wafer. The wafer is gently agitated in the bath for 1 – 2 minutes for 5 – 15 μm films. When
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the wafer is removed from the SU8 developer bath it is also sprayed with SU8 developer for 10 –
30 seconds to remove and residual SU8 particles. The wafer is then rinsed in IPA and blown dry
with a nitrogen gun. For each of the development processes described, upon completion the
wafer is visually inspected with a light microscope to ensure that the pattern has been transferred
properly.

3.4.15 Deep Ultraviolet Photoresist Hardening
In photolithography processes the term deep ultraviolet (DUV) refers to wavelengths
below 300 nm [119]. It is possible to use fluorescent lamps to create DUV light with two peaks
at 253.7 nm and 185 nm due to the peak emission of the mercury within the bulb. Eighty-five to
ninety percent of the DUV produced by these lamps is at 253.7 nm, while only five to ten percent
is at 185 nm. Quartz glass doped with an additional additive can be used to block out the light at
the 185 nm wavelength. For photolithography purposes DUV can be used to create patterns in
photoresist on the order of 185 – 250 nm. However, early on it was also discovered that DUV
can also be useful for many different photoresist processing applications such as photoresist
hardening.
Photoresist hardening is the process of irradiating completed photoresist structures with
254 nm wavelength DUV light as shown in Figure 3.36(a) – (c). This causes increased thermal
reflow resistance of photoresists that are baked at temperatures above 120°C due to further
crosslinking and higher polymerization of the photoresist. However, deep UV flux can only
induce crosslinking near the surface of the photoresist due to the intense absorption of light at
254 nm by novolak photoresist systems. For this reason, the UV spectrum does not penetrate
very far into the photoresist layer and the depth of the penetration is on the order of 200 –
500nm.
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(a)

(b)

(c)

Figure 3.36: Photoresist hardening by irradiation with DUV: (a) patterning of the positive photoresist, (b)
irradiation with DUV light, and (c) the resulting hardened photoresist skin.

This forms a hardened skin at the surface of the photoresist that acts as a casing that prevents
pattern reflow of the photoresist. These results can be confirmed by removing the skin of the
positive photoresist using an oxygen plasma treatment.

When the skin is removed the

photoresist behaves similarly to samples which received only near UV exposure.

(a)

(b)

Figure 3.37: SEM images of AZ3330 photoresist structure (a) irradiated with DUV light and (b) the resulting
leftover photoresist skin after the structure is immersed in acetone.

The deep UV treatment also reduces the solubility of the skin of photoresist in solvents like
acetone. This effect was confirmed by irradiating an AZ3330 photoresist line with DUV light.
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The sample that was used was placed in a DUV treatment oven on a 45° angled spinning chuck
and irradiated for 30 – 45 minutes with a 254 nm DUV mercury lamp. The photoresist line was
then cleaved at one end and immersed in acetone. The acetone removed the photoresist that was
not irradiated with DUV but left behind the photoresist skin that was irradiated with DUV as
SEM images show in Figure 3.37(a) and (b). DUV irradiated AZ3330 or AZP4620 can be used
for various sacrificial core applications because they can be heated to temperatures of 250°C
with minimal thermal deformation.

3.4.16 Hard Baking
For both tones of photoresist, the ﬁnal processing step is an optional hard baking, which
further densifies the photoresist ﬁlm, increasing its stability [82]. The hard baking step is
typically used if a photoresist is going to be used as an etch mask during dry or wet etching, a
permanent structure on the substrate, or elevated to high temperatures during subsequent
processing steps.

If the photoresist is being used as an etch mask, this can have important

economic implications since less photoresist can be used as an etch mask if it is removed more
slowly. If a wet etch process is being used hard baking will also increase the adhesion between
the photoresist and substrate thereby reducing the random and unpredictable nature of
undercutting.

If the photoresist is meant to be a permanent structure on the wafer then

hardbaking will also stabilize and solidify the photoresist for further processing steps. Care must
be taken however, when hard baking since excessive hard bake temperatures above 120 – 140°C
will typically cause most photoresists to shrink and expand causing reflow and deformation of
the original photoresist patterns. Positive photoresists AZ3330 and AZP4620 will reflow at
120°C so they must be kept below this temperature or treated with DUV before they are baked at
higher temperatures.

Negative photoresists are generally more robust and resistant to higher
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hard baking temperatures than positive photoresists, however, at about 200 – 250°C most
negative photoresists will also reflow and deform.

SU8-10 and SU8-3005 are capable of

withstanding temperatures in excess of 260°C without reflowing or deforming.
Upon completion of the photolithography processing the positive photoresists AZ3330
and AZP4620 (AZ Electronic Materials, Somerville, NJ) and the negative resist SU8
(MicroChem Corp., Newton, MA) were used as sacrificial materials for the fabrication of hollow
ARROW waveguide platforms. AZ3330, AZP4620, and SU8 were also used as etch masks for a
variety of processes critical to the fabrication of integrated ARROW platforms. The specific
processing and results of the each of the photoresists used for sacrificial cores is described in
detail in the following sections.

3.5

ARROW Waveguide Sacrificial Cores
Many methods for creating hollow channels with planar silicon or glass substrates have

been investigated. Three of the approaches commonly used to create hollow channels and
waveguides are Polydimethylsiloxane (PDMS) molding [ref], wafer bonding [120-122] and
sacrificial etching [123, 124].
PDMS molding is done by creating a resin stamp using a soft lithography procedure. The
process of soft lithography consists of creating an elastic stamp, which enables the transfer of
patterns of only a few nanometers in size onto glass, silicon or polymer surfaces.

Soft

lithography is used extensively for microfluidics in both organic and inorganic contexts. Silicon
wafers are typically used to design hollow channels, and PDMS is then poured over these wafers
and left to harden. When removed, even the smallest details are left imprinted in the PDMS.
The PDMS can then be fixed on a substrate or used to create etch masks for hollow channels.
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Wafer bonding usually consists of creating a structure by etching grooves or trenches into
the surface of a wafer using a wet or dry etch process. Another wafer is then chemically bonded
over the top of the wafer with trenches to complete the hollow channel and form a strong
structure. Wafer bonding works very well for some applications, although strong bonds can be
difficult to form with large substrates. Most bonding requires extremely clean surfaces with a
very high degree of flatness [40], so bonding can be very difficult when structures have large
topography or high densities. Another disadvantage of this approach is that the bonding silicon
or glass surfaces usually requires high temperatures, often hundreds of degrees Celsius, which
means that many materials are incompatible with this method.
Hollow channel fabrication using sacrificial etching consists of depositing and patterning
a sacrificial material, which is then coated with another material to form the walls of the hollow
channels [125]. The sacrificial core must be removed completely to form the hollow channel,
which is usually done with either acids or solvents. This type of channel fabrication is easily
compatible with standard planar silicon processing techniques. Although this approach allows
for parallel processing on many different substrates, the biggest drawback of this method is that
sacrificial material removal can be slow. The typically small cross sections of the core do not
allow the removal acids or solvents to circulate easily, limiting the core removal rate. For
channels that have openings only at their ends, core removal can be modeled as a diffusion
limited process. The core removal time, t, versus channel length, L(t), follows a square root time
dependency, given by:

𝐿(𝑡) ≈ �2𝑘𝑛 𝐷𝑐0 𝑡,

(3.9)

105

where kn is a constant relating to the channel geometry, D is the diffusion coefficient of the
etchant in the channel, and c0 relates to the active etchant concentration [126, 127]. For channel
lengths on the order of approximately 1 cm, complete sacrificial core removal times can be
weeks or months for some materials.
Although fabrication of ARROW waveguide platforms has been demonstrated with wafer
bonding with core sizes in the 10 µm range [57, 128], because of the difficulty of the this
fabrication process, we have chosen to fabricate ARROW platforms using sacrificial etching.
Some of the sacrificial core materials investigated include: aluminum [127], SU-8 negative
photoresist, and AZ3330 and AZP4620 positive photoresist. However, while aluminum and
other metals are capable of forming sacrificial cores, they tend to have rough surfaces and are
only able to be deposited in thin layers (50 – 1000 nm) making them poorly suited for ARROW
platform optical sensing application.

Therefore only the AZ3330, AZP4620, and SU8

photoresists are considered and discussed as sacrificial materials in more detail in the following
sections.

3.5.1

AZ3330 and AZP4620 Sacrificial Cores
The earliest ARROW waveguide platforms were fabricated with a combination of

aluminum and AZ3330 sacrificial cores [ref].

This produced rounded semicircular arched

hollow core geometries when the AZ3330 reflowed at elevated ARROW PECVD layer
processing temperatures (250°C).

However these circular cores were only capable of a

maximum film thickness of 5 µm, produced high propagation losses in the ARROW hollow core
sections, and had low coupling efficiency between the solid and hollow core. It was recognized
and verified by simulation that rectangular shaped hollow core geometries could overcome these
problems. However, because AZ3330 photoresist reflows at approximately 120°C, there wasn’t
106

a fabrication technique that was compatible with AZ3330 rectangular core geometries and the
high temperature deposition of PECVD ARROW layers.

Many possible solutions were

investigated, however, DUV photoresist hardening emerged as the most promising method to
overcome the high temperature processing issues. DUV hardening is the process of irradiating a
photoresist line with DUV light, which causes a thin (100 – 500 nm) skin or shell to form on the
surface of the photoresist due to increased crosslinking of the photoresist. This gives the entire
photoresist structure and increased resistance to thermal reflow and allows the AZ3330
photoresist to be baked at elevated temperatures (250°C) without significant reflow as shown in
Figure 3.38(a). PECVD SiN and SiO2 ARROW layers can then be deposited over the sacrificial
core, and the sacrificial core can be etched using a piranha acid mixture to create a semirectangular shaped hollow ARROW platform as shown in Figure 3.38(b).

These types of

ARROW waveguides were measured to have a transmission of 1.03% for the hollow core and
3.2% for the solid core.

(a)

(b)

Figure 3.38: SEM images of DUV treated (a) AZ3330 core photoresist line and (b) ARROW structure
fabricated with AZ3330 photoresist core.
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While the AZ3330 cores provides good ARROW platform transmissions it was still
desirable to find a sacrificial core material that could provide more rectangular shaped core
geometries and that was capable of greater film thicknesses. AZP4620, which is similar to
AZ3330, was investigated as a possible replacement for these reasons [129]. The disadvantages
of AZP4620 is that its more sensitive to processing conditions than AZ3330, and in general
requires very long relaxation times (45 – 60 min) after soft baking, increasing the total
processing time.
However, it is capable of film thicknesses of 5 – 30 µm, and does provide more
rectangular shaped core geometries. In order to fabricate a sacrificial core using AZP4620, the
photoresist lines were treated with DUV, like AZ3330, to form a hardened skin or shell. Figure
3.39(a) shows and SEM image of an AZP4620 photoresist line that has been DUV treated. It can
be seen that the sidewalls are still inclined or slanted but that they are much straighter than the
AZ3330 photoresist lines. Figure 3.39(b) shows and SEM of a SiO2 layer grown over a removed
AZP4620 sacrificial photoresist core.

(a)

(b)

Figure 3.39: SEM images of DUV treated (a) AZP4620 core photoresist line and (b) SiO2 layer grown over a
removed AZP4620 photoresist core.
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While the use of AZP4620 was very promising for ARROW waveguide platforms, actual
platforms were never fabricated and measured. This is because of significant advancements that
were made in the fabrication of ARROW platforms with the negative photoresist SU8 which is
described in more detail later in the next section and in Chapter 4.

3.5.2

SU8 Sacrificial Cores
The material characteristics of SU8 (Microchem Corp.) make it an excellent candidate as

a sacrificial core material for hollow ARROW waveguide platforms. First, simple direct UV
exposure and development of the SU8 can produce features with nearly vertical, smooth
sidewalls. Second, the high degree of crosslinking makes it very chemically and thermally
stable. At the temperature of approximately 250°C that PECVD SiN and SiO2 are deposited,
SU8 does not reflow like AZ3330 or AZP4620 photoresists but maintains the rectangular shaped
cross section geometry, which is desired for hollow ARROW waveguide platforms.
For use as a sacrificial core, it is desirable for the SU8 to have a rectangular cross section
and very smooth sidewalls. However, depending on the processing after SU8 application, the
final shape of the 12 μm wide SU8 lines can be very different [130]. Some of the specific
processing issues and solutions used to produce smooth, well adhered, flat, vertical sidewalls so
that SU8 can be used as a sacrificial core material will now be discussed in more detail.
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(a)

(b)

(c)

(d)

Figure 3.40: SEM images of SU8-10 cross sectional profiles; (a) ideal profile with vertical, smooth, well
adhered sidewalls, (b) profile with reflowed rounded top and bottom corners, (c) profile with bottom corners
pulling up, and (d) extreme profile with bottom corners pulling up and top corners overhanging.

Figure 3.40(a) – (d) shows some SEM images of the cross sections of SU8 lines. Figure
3.40(a) shows an ideal cross sectional profile of an SU8 sacrificial core. It can be seen that the
side walls are vertical, flat, smooth and that the geometry of the core is rectangular shaped.
However, even though SU8 is very thermally stable, one of the problems that can still occur with
crosslinked SU8 is partial reflow at temperatures above 250°C, causing rounded upper and lower
corners, as shown in Figure 3.40(b).
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Another common problem with SU8 sacrificial cores occurs when the bottom corners of the SU8
pull in from the substrate as shown in Figure 3.40(c). In extreme cases this can also cause a
significant amount of SU8 overhang on the top corners as shown in Figure 3.40(d). This can lead
to additional stress, non-conformality, and non-uniformity in PECVD film during subsequent
depositions causing the ARROW platforms to be damaged and unusable. Another issue occurs
during the post exposure bake (PEB) step which is performed in order to crosslink and harden
the patterned photoresist. The SU8 crosslinking that occurs can result in highly stressed films
[131]. If the adhesion is poor between the SU8 and the substrate or if the film stress is severe the
SU8 film can become delaminated or peel off of the substrate as shown in Figure 3.41.

Figure 3.41: SEM image of stressed SU8 photoresist line peeling off of the substrate.

It can be seen that the tips of the SU8 lines are peeling up off of the substrate due to excessive
stress in the films. In order to minimize stress, a two step, low temperature, long duration PEB is
used. This is two step process is usually done by placing the wafer on a level hotplate at 65°C for
10 minutes. Next, the hotplate is ramped up to 95°C over a 10 minute period of time and left at
95°C for another 10 minutes. Upon the completion of this baking step the wafer is then slowly
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cooled down using a slow ramp down bake where the temperature is again decreased from 95°C
to 65°C over a period of 10 minutes and then baked at 65°C for another 10 minutes. The wafer
is then placed on a ceramic surface and allowed to cool for another 5 minutes. This method
significantly reduces the stress in SU8 films causing the patterned features to adhere much better
to the substrate [132].
The next issue occurs with SU8 is during the development process step. Even though the
two step stress reduction step may be utilized, thick SU8 films will still have intrinsic film
stresses that cannot be removed during the baking steps [133]. This often results in cracks and
breaks in the SU8 features as shown in Figure 3.42(a).

(a)

(b)

Figure 3.42: Optical microscope images of SU8 that has (a) cracked after development and (b) that has
reflowed and filled in again during hard baking.

At the intersection of the photoresist lines cracks and breaks, which can be seen as short black
lines, develop. These cracks can typically be removed using a subsequent hard bake step. For
this step the SU8 is baked at 200°C for 10 minutes to reflow and fill in the photoresist cracks and
breaks as shown in Figure 3.42(b).
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Next, after the development step, an oxygen plasma descum step is typically used to
remove excess moisture and photoresist residue leftover from the development [82]. While this
descum step is very effective at cleaning the wafer it also tends to roughen all the surfaces of the
SU8 core because of its isotropic nature. This adds to the roughness of an SU8 core that is
already somewhat rough due to a low crosslink density from low exposure dosages as shown in
Figure 3.43(a) – (d).
The SU8 core roughness will be transferred and amplified in the subsequent PECVD
ARROW layers that are grown over it and cause large scattering losses [85]. Therefore, it is
necessary reduce the amount of SU8 core roughness caused by the oxygen plasma descum step.
The most easily change processing parameter that influences the roughness of the SU8 cores is
the power of the oxygen plasma descum. The descum processes using high RF power (200 –
250 W) result in faster etching of SU8 and a greater degree of surface pitting or roughening,
while low power processes (50 – 100 W) require greater etch times to clean the wafer. However,
all of the descum processes conditions observed appeared to increase the roughness of the SU8
sidewalls when the descum step was performed immediately after development. By altering the
usual SU8 processing and hard baking before descumming, a much smoother sidewall surface
can be produced. This involves hard baking the wafer immediately after development by placing
it on a level hotplate at 65°C and ramping the temperature of the hotplate to 200°C over a period
of 10 minutes. The substrate is then baked for another 10 minutes at 200°C and then cooled
down to 65°C over a period of 10 minutes.
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(a)

(b)

(c)

(d)

Figure 3.43: SEM images of an SU8 core roughness (a) immediately after development, (b) after descumming
for 120 seconds at 250 W, (c) after heating at 200°C for 10 minutes, and (c) after heating at 200°C for 10
minutes and then descumming at 50 W for 90 seconds.

This intermediate hard bake allows the surface SU8 with low crosslinked density to flow
into a smooth surface and harden [134].

Upon completion, the descumming step can be

performed at a low RF power of 50 W for 90 seconds without significantly increasing the
roughness of the SU8 sacrificial core while still cleaning the surface of the wafer.
Figure 3.44(a) and (b) shows SEM images of SU8 sacrificial cores that were processed
using the optimized recipe that was described above. The images show that it is possible to
produce SU8 sacrificial cores with vertical sidewalls, without bottom corner delamination, and
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very smooth sidewall and top surfaces. This creates ideal conditions for ARROW platform
optical applications.

(a)

(b)

Figure 3.44: SEM images of SU8 10 using the optimized recipe with (a) very smooth and flat surfaces and (b)
vertical sidewalls without bottom corner delamination and minimal reflow after hard baking and
descumming.

Another consideration when using SU8 for sacrificial cores is adjusting the target film
thickness to account for shrinkage during post development processing [135].

Following

development, the SU8 film height with the spin recipe described in earlier is typically 5.4 – 5.5
μm. During the first 200°C hard bake, the SU8 height shrinks approximately 200 nm. The
oxygen descum step removes about 150 nm from all the surfaces of the SU8 core. Finally, the
second 250°C hard bake usually results in approximately 50 nm of shrinkage. This yields a total
reduction of approximately 400 nm and a final SU8 core height of 5.0 – 5.1 μm which is very
close to the ARROW design target core thickness of 5.0 μm.
Finally, the last consideration, and perhaps the most important and challenging issue
using SU8 as a sacrificial core, is the removal of the SU8 sacrificial core. Although the stability
of SU8 makes it desirable for our application, it also makes it very difficult to remove. In the
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past, we have used a commercially available acid called Nanostrip ((H2SO4:H2SO5:H2O2:H2O)
(9:0.5:0.1:0.5)) (Cyantek) to remove our SU8 sacrificial cores [136]. Nanostrip is a very viscous
acid mixture which causes slow etch rate inside our hollow cores causing SU8 sacrificial cores to
typically take 6 – 8 weeks to be completely removed. Nanostrip also causes our hollow cores to
break and fracture very often producing typical ARROW hollow core yields of 10 – 20%. The
increased rate of damage is caused by the etch product gases, which are less mobile in the high
viscosity fluid. Because of this, the gases build up to high pressures and can fracture and break
apart the channels [137]. Recently, however, we have developed a piranha mixture to etch our
SU8 sacrificial cores that overcomes the problems of Nanostrip. The piranha mixture is formed
by mixing sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) [138]. The etching behavior of
different piranha mixtures was recently characterized and it was determined that a (1:1) mixture
of 98% H2SO4 and 50% H2O2 produces the fast SU8 sacrificial core etch times while
maintaining 100% ARROW hollow core yields. The details of the characterization of the
piranha mixture will be presented in more detail in Chapter 4. Figure 3.45 shows measured data
for SU8 sacrificial core removal by the (1:1) piranha mixture and Nanostrip acid with a 5 μm x
12 μm SU8 sacrificial core [139]. It can be seen that the Piranha removes the SU8 sacrificial
core more quickly than the Nanostrip. The piranha mixture is able to remove approximately 4
mm of SU8 in 120 hours while Nanostrip was only able to remove 0.75 mm of SU8 in 120
hours. For ARROW waveguide platforms, that are typically 8 mm long but opened from two
ends, this means that the piranha mixture can etch them in 120 hours or 5 days. This represents a
significant etching time reduction from the previous process using Nanostrip, where more than
3000 hours were required to remove the sacrificial core with acid changing every 48 hours.
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Figure 3.45: SU8-10 core removal by immersion in a (1:1) piranha mixture at 100°C that was replenished
every 24 hours (black circles and black solid line) and Nanostrip acid at 90°C that was replenished every 48
hours (red triangles and red solid line) [139].

Having overcome all of these issues SU8 has become the predominant sacrificial core material.
It is used almost exclusively for the fabrication of ARROW platforms and provides ARROW
platforms with superior optical characteristics.

3.6

ARROW Waveguide Plasma Etching
Plasma etching has become one of the critical processes in the fabrication of advanced

microelectronics, optoelectronics, and micro-electromechanical systems (MEMS) [140].
Reactive ion plasma etching has enabled accurate pattern transfer and the selective removal of a
variety of materials, and has played a key role in the reduction of the dimensions of
microelectronics. Oxygen plasma etching is also commonly used for photoresist stripping,
reduction, and cleaning without using harmful or contaminating solvents or acids [104]. The
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simplest plasma reactors consist of a set of parallel plate electrodes enclosed in a vacuum
chamber as shown if Figure 3.46.

Figure 3.46: Diagram of a simple parallel plate reactor plasma etching system.

The vacuum chamber is maintained at a low pressure, typically from 0.001 – 1 Torr.

A

combination of different gases, such as fluorine, chlorine, or oxygen, is introduced into the
vacuum chamber with a set of chamber conditions that will transform the precursor gases into a
reactive molecule that will selectively etch certain materials. When a high frequency, typically
13.65 MHz, voltage is applied to the electrodes, current flows through the gases, forming a
plasma, which emits a characteristic glow. The electrical discharge through the gases in the
chamber generates reactive neutral and ionized radicals as well as many other different types of
species of particles. Reactive neutrals and ionized charged species in the plasma may react with
the surface or substrate materials, forming volatile products that evaporate thereby etching the
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substrate. This process is very similar to that used for thin film deposition, however, the main
difference is that the chamber conditions and precursor gases form etching species instead of
film forming species [82].

3.6.1

Planar Etcher II Oxygen Plasma Etching
We use a Planar Etcher II (PEII) (Technics) oxygen plasma etching system to clean and

remove photoresist from our wafers. With parallel plate reactors like the PEII, most etch
chemistries will produce isotropic etching. The PEII uses a setup like that shown in Figure 1
where the precursor gas is only oxygen. Oxygen plasma etching uses neutral radicals and can
operate at relatively high pressures (40 – 80 mTorr). The oxygen plasma in the plasma etcher is
established by sending an RF voltage signal at 13.56 MHz to the chamber filled with oxygen
under vacuum. A matching impedance circuit is used to minimize the power reflected back to
the RF power source. The oscillating electric field of the RF signal provides the ionizing energy
necessary for reactions (1) and (2) described below. In plasma etching, neutral oxygen radicals
are formed as the product of two reactions [141]:

O2 + O+ → O+
2 + O,

(3.10)

−
O+
2 + e → O + O.

(3.11)

These radicals are relatively long lived species and can exist outside of the plasma region. These
oxygen radicals are used to clean surfaces by reactions with hydrocarbon residues. The resulting
volatile products of the reaction such as CO, CO2, and H2O are pumped away by the chamber
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vacuum. The same mechanism is also used to etch or reduce photoresist. Typical recipes that
we use for oxygen plasma descumming or etching are shown in Table 3.9.

Table 3.9: Typical oxygen plasma descum or etching recipes for photoresist or wafer cleaning.

Pressure
(mTorr)

Power (W)

Time (s)

O2 (%)

Substrate
Cleaning

40-80

50-100

30-60

10

Photoresist
Stripping

40-80

250

60

10

Process

3.6.2

Anelva Reactive Ion Etching
We use an Anelva reactive ion etcher (RIE) (Anelva Corporation) to anisotropically and

selectively etch SiN and SiO2. More directional etches can be produced with a RIE etch process.
With an RIE system, a larger upper electrode creates a bias potential through which ions are
accelerated into the substrate to achieve directional ion bombardment and anisotropic etching.
The Anelva RIE tool in the IML is a setup like that shown in Figure 3.46. While it is common to
use a combination of CF4 or fluorocarbons and O2 gases increase the etch rate of and selectively
etch SiN and SiO2, we typically only use CF4 [142]. We are also mainly interested in the etching
characteristics of SiO2 because the features etched in our ARROW platforms are primarily
etched in the final thick SiO2 ARROW layer. For this reason, it is important to understand the
chemistry of SiO2 films etched in CF4 so that we can understand what masking materials and
chamber conditions can be used to produce smooth, vertical etch profiles.

The chemistry

involved with etching SiO2 with CF4 has to do with the ability to produce fluorine atoms. CF4
molecules in the ground state are inert towards silicon dioxide surfaces and even when
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bombarded with ions no reaction occurs.

Etching only starts after the CF4 gas has been

fragmented and ionized in a glow discharge. When CF4 is introduced into a glow discharge
fluorine atoms can be created in a number of different ways by the fragmentation of the CF4
molecule. Some of the most common ways are through dissociative attachment (1), molecule
dissociation (2), and dissociative ionization (3) [142]:

𝑒 + CF4 → CF3 + F− or 𝑒 + CF4 → CF−
3 + F,

(3.12)

𝑒 + CF4 → CF+3 + F + 𝑒 + 𝑒.

(3.14)

𝑒 + CF4 → CF3 + F + 𝑒 or 𝑒 + CF4 → CF2 + F + F + 𝑒,

(3.13)

From these fragmented CF4 molecules the subsequent etching of SiO2 in the CF4 plasma is then
described by reactions (4 – 6) where for simplicity 2F and CF2 are assumed to be the only active
intermediates and CO and SiF4 as the volatile byproducts [142]:

CF4 → 2F + CF2 ,

(3.15)

SiO2 + 2CF2 → SiF4 + 2CO.

(3.17)

SiO2 + 4F → SiF4 + 2O,

(3.16)

In this way we are able to use CF4 to selectively etch SiO2. The key to finding an appropriate
etch mask that will provide high selectivity with SiO2 is finding a material that does not react
with the fluorine atoms generated in the plasma from the CF4 precursor gas. While fluorine
atoms are very reactive, because of the crystalline structure of certain thin films, such as metals,
it is difficult for the fluorine atoms to react and form volatile byproducts. This means that the
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fluorine will etch SiO2 much more quickly than metals or that SiO2 has a very high selectivity to
most metals. In order to verify this theory several different thin film materials were etched using
a CF4 process. This was done by depositing several different thin films on a silicon substrate
and masking portions thin film with cellophane vacuum tape. The films were then etched in the
Anelva RIE using the etch recipe that is typically used for SiO2 films which is: 300 W RF power,
100 mTorr pressure, 12.5 % (25 sccm) CF4, for 60 minutes. The films were removed and
measured with a profilometer (Tencor Instruments) every 10 minutes to determine the depth of
the film etched and the etch behavior profile. Figure 3.47 shows the etched depth results for
SiO2, AZ3330 and SU8 photoresists, and aluminum, nickel, titanium, and chrome metals.

Figure 3.47: The etch depth over time for several different SiO2 RIE masking materials [23].

The etch depth axis is plotted on a log scale and indicates that the etch rate of all of the metals
are several orders of magnitude lower then SiO2 making them ideal etch mask materials.
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Specifically, Chrome has often been used as a masking material because it has the lowest etch
rate compared with SiO2, it is very inert in solvents and acids, and it has good conformal
coverage of 3D structures. Table 3.10 also shows the etch selectivity, which is defined as the
etch rate of SiO2 divided by the etch rate of the masking material, for several different potential
masking materials.

Table 3.10: The etch selectivity of several different masking materials for SiO2 films [23].

Etch Material

Selectivity to SiO2 (SiO2/ Masking Material)

SU8 Negative Photoresist

2.1164

AZ3330 Positive Photoresist

3.4857

Aluminum

93.9430

Nickel

182.6806

Titanium

370.6603

Chrome

577.2112

3.6.3

Trion Reactive Ion / Inductively Coupled Plasma Etching
The Trion RIE/ICP (Trion Technology) system is another etching tool that is similar to

the two previously mentioned etching tools but it includes an inductively coupled plasma (ICP)
RF source. Even more control over etch profiles can be achieved because of the addition of the
ICP source to the RIE system. ICP/RIE systems allow for separate control of plasma density and
ion energy and can achieve anisotropic etching at high rates. The main difference between these
tools and the first two is that there are two methods of plasma excitation, as shown in Figure
3.48. With the ICP/RIE systems, RF power is coupled inductively into the top of the chamber
through an ICP coil, which allows for dense plasma formation at low pressures. RF power from
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a separate generator is capacitively coupled into the plasma using planar electrodes. As with the
Anelva RIE, the RIE power serves to create a DC potential from the plasma to the lower
electrode, and ions in the plasma are accelerated across this potential and into the substrate. The
advantage of ICP/RIE systems is that there is separate control over the density of the plasma and
the energy of ion bombardment, which provides the ability to create isotropic and anisotropic
etching [143].

Figure 3.48: Diagram of an RIE/ICP reactor and etching system.
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3.6.4

Etching Mechanisms
For any of the etching tools previously described the etch recipes can be adjusted by

changing the excitation frequency, power, gas flows, operating pressure, or substrate temperature
during etching. With some systems, even minor changes in any of these parameters can have
large effects on the etch rate, etch profile, mask selectivity, and etch uniformity. There are
several different etch mechanisms that are encountered in plasma etching, however, the four
main types are shown in Figure 3.49(a) – (d). All of these mechanisms can occur in different
degrees simultaneously in a plasma etching system. Each type of mechanism is only possible if
the create byproducts are volatile so that they can be removed from the substrate by the vacuum
system [144].

(a)

(b)

(c)

(d)

Figure 3.49: Mechanism for plasma etching: (a) chemical isotropic (b) physical sputtering anisotropic (c) ion
enhanced energetic, and (d) ion enhanced inhibitor [142].
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The first type is chemical isotropic etching, where the plasma is used to create free
reactive species as shown in Figure 3.49(a) [145]. With chemical isotropic etching, the reactive
species move by diffusion alone, and once they are adsorbed on the substrate surface they
chemically react with the surface material to etch the substrate. Chemical isotropic etching is
usually isotropic, meaning the etch material is etched horizontal at the same rate it is etched
vertically. Most wet etch processes exhibit this type of etch behavior.
The second type of plasma etching mechanism is anisotropic physical sputtering as
shown in Figure 3.49(b) [146]. This occurs when ions created in the plasma are accelerated
through an electric potential and gain enough energy to physically sputter atoms off of the
substrate. In order for sputtering to occur in significant amounts, the etching must be conducted
at low pressures, typically around 10-3 Torr so that ions do not collide with other molecules and
lose their energy as they are accelerated towards the substrate. The electric potential that
sputtering ions are accelerated through typically is parallel to the target, which at low pressures
allows for almost exclusively perpendicular ion bombardment of the target [144]. Because the
etching occurs by energetic bombardment of the target, sputtering is inherently an anisotropic
etching mechanism.
The third type of etching mechanism is ion enhanced energetic etching as shown in
Figure 3.49(c) [147].

This mechanism is mix between pure chemical and pure sputtering

mechanisms. During this process ion bombardment disrupts the substrate film allowing reactive
neutral species present in the plasma to etch the material more quickly and easily [144]. Because
of this, ion enhanced energetic etching can achieve etch rates that are higher than the sum of
chemical etching by reactive neutrals and physical sputtering by energetic ions alone. This etch
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mechanism typically produces a very anisotropic etch profile since ions are mostly accelerated
perpendicular to the substrate.
The final etch is ion enhanced inhibitor etching as shown in Figure 3.49(d) [147]. With
this mechanism, some species present in the plasma combine to deposit inhibitor films on the
substrate. These inhibitor or passivation films are formed by reactions with the surface of the
substrate or by deposition of a film. Inhibitor films are deposited isotropically, covering every
surface on the substrate. With this mechanism, ion bombardment etches the inhibitor film off of
the horizontal surfaces while vertical surfaces, which encounter very little ion bombardment,
remain protected by the inhibitor film. This results in very anisotropic etch profiles with very
little mask undercutting.

All of these etching processes are used extensively in the

semiconductor industry for different applications and they are also all used in the fabrication of
ARROW platforms that will be described in the next section.

3.6.5

ARROW Etching Processes
Plasma etching is used for several purposes in the fabrication of integrated ARROW

sensor platforms, including cleaning, ridge etching, and core exposing. The three plasma etching
tools that were described earlier: the Planar Etch II, Anelva RIE, and Trion ICP/RIE are all used
for different steps of the ARROW platform fabrication process.
The first plasma etching process used in ARROW fabrication is oxygen descumming.
This process uses an isotropic oxygen plasma to clean organic contaminants from the surface of
the wafer through chemical etching described earlier. This process is normally used after every
lithography development step to remove any residual photoresist or developer. The oxygen
descum step is performed in the PEII.
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Next, the Anelva RIE or Trion ICP/RIE is used to etch a ridge into the top thick ARROW
SiO2 layer, which forms a rib waveguide, which is used as a solid core waveguide. Figure 3.50
shows a process flow diagram for the fabrication of the solid core waveguide on an ARROW
platform.

(a)

(b)

(c)

(d)

Figure 3.50: Process flow diagram for the etching of a solid core integrated waveguide on ARROW
platforms: (a) Final thick SiO2 layer deposited on the ARROW structure, (b) ridge etch mask defined, (c)
ridge etched by plasma etching, and (d) etch mask removed.

After the top PECVD layers are deposited, an SU8 etch mask is used to define the solid core
waveguides and protect the top of the hollow core waveguide. The mask is created by applying
and patterning SU8 10 that is spun at 2000 rpm to create a layer approximately 10 μm thick.
After the solid core etch mask is in place, the ridge is etched by RIE, either using the Anelva RIE
or the Trion ICP/RIE, with the etch recipes shown in Table 3.11. SEM images of the top and a
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45° angled view of the completed solid core etches in ARROW platforms are shown in Figure
3.51(a) and (b).

Table 3.11: ARROW SiO2/SiN etch recipes for solid core and core exposing etching.

ICP

RIE

Pressure

CF4

Rate (nm/min)

(W)

(W)

(mTorr)

(sccm)

SiO2

SiN

Anelva (SiO2/SiN)

–

300

100

25

135

207

Trion (SiO2/SiN)

550

75

12

50

320

520

Recipe

(a)

(b)

Figure 3.51: SEM images of the solid core waveguide etched in an ARROW platform (a) top view and (b) side
view.

The Anelva RIE was used for solid core waveguide etching for early ARROW platforms
with 1 μm ridge etch depths [30].

However, simulations have shown that coupling efficiency

between the solid and hollow core waveguides is maximized when the ridge etch depth is half of
the thickness of the top SiO2 layer [61]. Therefore, ridges are now etched with a depth of 1.5 – 2
μm to increase optical throughput. As mentioned previously, etching with the Anelva RIE recipe
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tends to produce more isotropic profile, while etching with the Trion ICP/RIE recipe produces a
more anisotropic etch profile that yields more accurate pattern transfer. Figure 3.52(a) and (b)
shows cross sectional SEM images of ridge waveguides produced using the Anelva RIE and the
Trion ICP/RIE respectively.

(a)

(b)

Figure 3.52: SEM images of ridge waveguides produced using the (a) Anelva RIE and (b) the Trion ICP/RIE.

The solid cores etched with the Anelva RIE have more isotropic etch profiles while those
etched with the Trion ICP/RIE have more anisotropic etch profiles. Experiments have shown
that waveguides fabricated with the two profiles have almost identical propagation losses, which
indicates that the losses in the solid cores are due primarily to the waveguide material. However,
the Trion ICP/RIE is typically used to etch ridges because of the faster etch rates and more
accurate pattern transfer.
The final plasma etching process used with ARROW platform fabrication is the core
expose etch. Because of the geometry of the ARROW platform, the sacrificial core must be
exposed using a plasma etch. In order to expose the sacrificial core, the 3 – 5 μm thick top
ARROW SiO2 and SiN layers completely etched away at the ends of the channels. This must be
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done while keeping the solid and hollow cores of the ARROW platform intact.

Applying a

suitable etch mask is further complicated by the non-planar geometry of the hollow core that
extends 5 μm above the wafers surface. Figure 3.53(a) – (d) shows a process flow diagram for
the core expose etch process.

(a)

(b)

(c)

(d)

Figure 3.53: The core expose etching process for an ARROW hollow core: (a) deposition of the final thick
SiO2 layer, (b) deposition and patterning of the photoresist mask, (c) etching of the top ARROW layers, and
(d) removal of the photoresist mask and sacrificial core

First, Figure 3.53(a) shows the final deposition of the top thick SiO2 ARROW layer. This
is followed by the deposition and pattering of a thick coating of either AZP4620 or SU8
photoresist as shown in Figure 3.53(b). Both of these photoresists have been used as the core
expose mask to successfully etch the ends of the hollow core channels. Next, the top ARROW
layers are completely etched through exposing the sacrificial core as shown in Figure 3.53(c).
The etching recipes that are used are the same as for the solid core waveguides and are described
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in Table 3.11.

Occasionally, a metal masking layer will also be used in conjunction with the

photoresist mask if we are having difficulties accurately characterizing the etch recipes. Finally,
Figure 3.53(d) shows that the sacrificial core and the photoresist mask are removed using a
piranha acid mixture. Figure 3.54(a) and (b) shows SEM images of the ends of the hollow cores
of an ARROW platform after a completed core expose etch.

(a)

(b)

Figure 3.54: SEM images of the ends of a hollow core of an ARROW after a core expose etch from (a) a side
view and (b) front view.

The Anelva and Trion are both offer different advantages for core expose etching. The
Anelva takes more time perform the core expose etch, but it provides more accurate etches and
higher selectivity with the photoresist core expose mask. Conversely, the Trion performs the
core expose etch more quickly, but it has a lower selectivity with the photoresist mask and often
etches through the mask before the core expose etch is finished. This roughens and damages the
top SiO2 ARROW layer and causes poorer optical properties of the ARROW platforms.
However, both the Trion and Anelva are commonly used for core expose etching depending on
the desired ARROW platform requirements.

132

3.7

Integrated ARROW Platform Fabrication
In order to fabricate an integrated ARROW sensor platform, there are a couple of

additional steps that are added to the standard fabrication process as shown in Figure 3.55(a) –
(f). The process begins with a clean silicon wafer, and the bottom antiresonant ARROW layers
which are deposited by PECVD as shown in Figure 3.55(a). Usually, six anti-resonant layers of
alternating SiO2 and SiN are used as the bottom ARROW layers. Before each layer is deposited
on an actual ARROW platform wafer, a test film is deposited on a separate silicon wafer. This
test film is measured using ellipsometry to determine the refractive index and deposition rate of
the PECVD deposition process. If the index of refraction is approximately +/-0.02 greater than
2.05 or 1.46 for SiN or SiO2 respectively the process gas ratios are adjusted and another test film
is deposited.

As discussed earlier, this gas ratio and refractive index adjustment is often

necessary before deposition of SiN films, while it is only necessary to determine the deposition
rate for SiO2 films, since the SiO2 depositions tend to have stable refractive indexes. The
deposition rate is then used to determine the required deposition time to achieve the correct film
thickness of 93 nm or 270 nm for SiN or SiO2 respectively for the ARROW platform wafer. A
chrome stop etch layer is then also deposited and patterned. We typically use a 100 – 200 nm
thick layer of E-beam evaporated chrome. The chrome layer is patterned by covering it with a
layer of photoresist, which is used to define the stop etch regions of the device. The pattern from
the photoresist is transferred into the chromium layer using CEP-200 chrome etchant
(Microchrome Technology Products, San Jose, CA), after which the photoresist is removed and
the wafer cleaned with an oxygen plasma descum. This chrome layer is then later used as a stop
etch layer that protects the bottom PECVD ARROW layers during the subsequent core expose
etch.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.55: Fabrication of integrated ARROW platform: (a) Bottom ARROW layers deposited, (b)
sacrificial core deposited, (c) top ARROW layers deposited, (d) solid core waveguides etched by RIE, (e) ends
of sacrificial core exposed, and (f) reservoirs attached.

Next, Figure 3.55(b) shows that the sacrificial core material is deposited and defined
using photolithography. Several core materials can be used but typically SU8-10 is used as the
core material. The SU8 is patterned so that it forms a rectangular core that is 5 μm x 12 μm.
After this, Figure 3.55(c) shows the top antiresonant layers that are deposited by PECVD, ending
with a 3 – 4 μm thick SiO2 layer for mechanical stability and in which the solid core waveguides
will be later etched. In between each top layer deposition, the wafer is blown with nitrogen to
remove any large particles on the wafer surface. Once the top layers are deposited, the solid core
waveguides are etched into the top SiO2 layer using an RIE process as shown in Figure 3.55(d).
For the ARROW platforms, solid core waveguides that are both parallel and perpendicular to the
active region of the hollow waveguides are needed. The parallel waveguides are used for signal
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collection, particle transport, and analyte excitation, while the intersecting waveguides are only
used for excitation. The next step, shown in Figure 3.55(e) is to remove the sacrificial core by
exposing the ends of the ARROW hollow cores using an RIE etch process. In order to perform
this step, the solid core and hollow core waveguides, except for the ends, must be completely
protected with a thick photoresist etch mask. After the core has been exposed by RIE etching,
the sacrificial core is removed with a piranha acid mixture that provides high yields and fast core
removal times [139]. Once the sacrificial core is completely removed, the wafer is thoroughly
rinsed in DI water to remove the acid from the channel interiors. Finally the ARROW platforms
are cleaved and reservoirs are attached to them for later experimentation and sample introduction
as shown in Figure 3.55(f).

For liquid media, the reservoirs are cylindrical metal beads

approximately 3 mm in diameter and are attached using an epoxy adhesive that also seals around
the hollow waveguide. Once the reservoirs are attached, the ARROW platforms can be used for a
variety of applications including single particle fluorescence sensing.
Several applications for liquid filled ARROW platforms use an applied voltage between
the reservoirs to move analytes through the hollow ARROW channel by electrophoresis or
electro osmotic flow [148, 149]. The voltage is applied to the reservoirs by inserting electrodes
directly into the reservoirs. Shorting can occur if the electrode or analyte is in contact with the
silicon substrate below the bottom PECVD layers. For this reason, the chrome stop etch feature,
which was previously mentioned, must be patterned to keep the bottom PECVD ARROW layers
intact during the core expose etch process.

The bottom PECVD layers then provide the

necessary electrical insulation between the substrate and the electrodes or analyte.

The

insulation provided by the bottom PECVD layers allows for applied biases as high as 300 V to
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induce analyte movement with completed ARROW platforms. A completed sensor platform is
shown in Figure 3.56 with attached reservoirs.

Figure 3.56: Image of a completed ARROW platform with attached reservoirs and an approximate area of
1.5 cm2.
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4

4.1

ARROW WAVEGUIDE FABRICATION WITH SU8 AND PIRANHA

ARROW SU8 Sacrificial Core Introduction
Micro-electromechanical systems (MEMS) and micro-opto-electromechanical systems

(MOEMS) technology includes a large variety of applications that usually requires 3-D
patterning of high aspect ratio structures. SU8 (MicroChem Corp.) is a negative tone, high
resolution, chemically amplified, near-UV photoresist polymer that is used in many MEMS and
MOEMS devices both as a temporary, photolithographic, and a permanent structural [150]
material as shown in Figure 4.1.

Figure 4.1: SU8

coating applications flow diagram.

For example, SU8 is used as a temporary material for sacrificial etching of hollow
waveguides [58], a photolithographic material for etch masks, plating, deposition [151], release
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layers [152], and wafer bonding layers [153], and a permanent material in soft lithography for
building microfluidic devices [154], inkjet nozzles [155] and atomic force microscope (AFM)
probe tips [156]. SU8 is also used for electroplating molds [151], and packaging coatings [157].
In addition, it has been investigated for many other applications, including as a low-cost material
for the fabrication of large micro-mirror arrays [158]. The unique properties of SU8 make it an
attractive material for fabrication of these types of structures [159]. SU8 is photosensitive
between 300-400 nm and its transparency allows high aspect ratio patterning with smooth (9 nm
rms), near-vertical sidewalls. Additionally, after development, it has a high thermal (250ºC) and
chemical stability due to the highly crosslinked epoxy rings of the SU8 molecules. This means
that SU8 structures can be easily patterned using photolithography and maintain their geometries
at the high temperatures at which CVD layers are typically deposited. However, some of the
properties that make SU8 an attractive sacrificial material from a structural standpoint also make
it difficult to sacrificially remove. For this reason, SU8 is often avoided as a sacrificial material.
Highly crosslinked, UV exposed SU8 can be removed from the surface of substrates by
dissolution using solvents such as N-Methylpyrrolidone (NMP), liftoff processes accomplished
by depositing SU8 on Omnicoat layers, and acids such as Hydrochloric acid, Sulfuric acid,
Nanostrip ((H2SO4 : H2SO5 : H2O2 : H20) (9 : 0.5 : 0.1 : 0.5)) (Cyantek Corp.), and Aqua Regia
((HNO3 : HCl) (1:3)). These methods work well for the removal of small amounts of SU8 when
fabricating features such as voids or gaps [160, 161] as shown in Figure 4.2(a). However, these
techniques are difficult to use (or produce very low etch rates) when removing large amounts of
SU8, as can be the case when fabricating release layers [162] and long microfluidic channels (~
1cm) with complicated 3D geometries processed at high temperatures [58] as shown in Figure
4.2(b) and (c).

138

(a)

(b)

(c)

Figure 4.2: The different uses of SU8 for fabrication of (a) voids and gaps, (b) release layers, and (c) long
hollow channels [138].

In this work, the use of an optimized piranha (H2O2 : H2SO4) mixture, that is used to remove
SU8 that has been highly crosslinked and heated to high temperatures (~250°C), is examined.
Piranha mixtures have been used in the past to remove SU8, however these mixtures suffer from
low etch rates and device yields due to vigorous chemical etching processes [163]. In order to
overcome these challenges, different concentrations and temperatures of piranha mixtures were
tested to find an optimal mixture that maximizes the etch rate of SU8 and the device yield of
sacrificially etched MEMS structures shown in Figure 4.2(c).

Microfluidic channels are

probably the most challenging structures to construct of those shown in Figure 4.2, therefore, we
have chosen to specifically investigate them in this work.

The conclusions drawn for

microfluidic channels, should apply directly to the other structures.

Because microfluidic

channels can also be used for optical applications, we determined the effects on the roughness,
thickness, and index of refraction of exposure to piranha mixtures for SiN, SiO2, and Si solid
state thin films.

Finally an anti-resonant reflecting optical waveguide (ARROW) was

demonstrated using SU8 as a sacrificial core material and an optimized piranha mixture to
remove the SU8. The ARROW is an extreme example of an opto-microfluidic channel which
must have precise, uniform film layers for optical sensing and features lengths of (~ 4 mm) and a
large length/cross-section ratio of 165/1 [58].
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4.2

SU8 and Piranha
The SU8 polymer was originally developed and patented by IBM-Watson Research

Center (Yorktown Height-USA, US Patent No.4882245 (1989) and others). In 1996, the
material was adapted for MEMS applications [164]. SU8 consists of three basic components: an
epoxy called Epon SU8, a solvent called gamma-Butyrolactone (GBL), and a photoacid
generator taken from the family of the triarylium-sulfonium salts. During exposure to UV light,
the photoacid is photochemically produced in the solid photoresist film upon absorption of light.
The photoacid acts as a catalyst in the subsequent cross-linking reaction that takes place during
post exposure baking (PEB). The cross-linking reaction takes place in a “zipping up” fashion,
where each epoxy group can react with another epoxy group in different SU8 molecules as
shown in Figure 4.3.
The Piranha mixture has a long history of use in the semiconductor industry for cleaning
silicon wafers by removing organic residues [165]. The effectiveness of the piranha mixture in
removing the SU8 polymer is due to two processes, dehydration and oxidation. The first
process, dehydration of the SU8 or hydration of sulfuric acid, involves the removal of hydrogen
and oxygen from the SU8 molecules by concentrated sulfuric acid.

The second process,

oxidation, is the sulfuric acid’s increased conversion of hydrogen peroxide from a relatively mild
oxidizing agent into one sufficiently aggressive to dissolve elemental carbon. Each of these
chemical processes allows the chemical bonds of the individual and linked SU8 molecules to be
broken. In time, SU8 which is immersed in piranha mixtures will typically be completely
removed, with no visible traces of the original organic materials remaining.
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Figure 4.3: Two individual SU8 molecules and the UV exposure and PEB heating that initiates the chemical
reaction that crosslinks the two SU8 molecules [138].

4.3

Piranha Mixture (50% H2O2:98% H2SO4)
Piranha has a long history of use in the semiconductor industry for cleaning silicon

wafers by removing organic residues.

In the past we have used standard piranha (30%

H2O2:98% H2SO4) mixtures in (3:1), (4:1), and (7:1) ratios and (NH4OH:30% H2O2) in a (3:1)
ratio, to remove different photoresists and polymers that were used as sacrificial materials for
microfluidic channels [161]. We were interested in optimizing a piranha mixture to increase
SU8 polymer etch rates and device yields of our microfluidic channels.

We began by

understanding the chemical mechanisms that piranha uses to remove the individual and
crosslinked SU8 polymer.
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4.3.1

Piranha Dehydration Reaction
The effectiveness of the piranha mixture in removing the SU8 polymer is due to two

processes, dehydration and oxidation [103]. The first and fastest process, dehydration of the
SU8 or hydration of sulfuric acid, is the removal of hydrogen and oxygen to form units of water
by the concentrated sulfuric acid. This hydration reaction can be thought of as the formation of
hydronium ions:

H2 SO4 + H2 O → H3 O+ + HSO−
4,

(4.1)

2−
+
HSO−
4 + H2 O → H3 O + HSO4 .

(4.2)

Because the affinity of sulfuric acid for water is sufficiently strong, the hydration of sulfuric acid
is thermodynamically favorable with an ΔH of -880 kJ/mol, making it an excellent dehydrating
agent. This allows it to efficiently remove units of hydrogen and oxygen from the SU8 polymer
breaking chemical bonds within individual and linked SU8 molecules. One possible chemical
mechanism that the sulfuric acid may use to break apart chemical bonds in the crosslinked SU8
molecules is shown in Figure 4.4.

Figure 4.4 Dehydration mechanism of sulfuric acid for breaking chemical bonds of a section of crosslinked
SU8 molecules [166].
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The Sulfuric acid initiates the reaction by protonating an oxygen atom that links two
crosslinked SU8 molecules. This creates a weak bond that allows the oxygen atom to break the
bond with its neighboring carbon atom and leave. When the oxygen atom departs it leaves
behind a carbocation that allows the base HSO4- to remove a proton from the carbon adjacent to
the positively charged carbocation. This effectively breaks the chemical bonds of crosslinked
SU8 molecules and regenerates the acid catalyst H2SO4.

4.3.2

Piranha Oxidation Reaction
The second and slower process, oxidation, is the sulfuric acid increased conversion of

hydrogen peroxide from a relatively mild oxidizing agent into one sufficiently aggressive enough
to dissolve elemental carbon [103]. The chemical reaction that takes place produces extremely
reactive atomic oxygen radicals:

H2 O2 → ∙ OH + ∙ OH,

(4.3)

∙ OH + HSO−
4 → H2 SO4 + ∙ O.

(4.5)

H2 SO4 + H2 O → H3 O+ + HSO−
4,

(4.4)

It is these extremely reactive atomic oxygen radicals that allow piranha solution to dissolve
elemental carbon bonds. Figure 4.5 shows one mechanism that piranha may use to disrupt the
stable carbon to carbon surface bonds in the SU8 molecule is for the oxygen radical first to
attach directly to a surface carbon that links two of the aromatic rings. The oxygen radical
breaks the bond that holds the two carbon atoms together and leaves behind an electron on the
aromatic ring creating a new radical. The result is a cascading effect in which the single atomic
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oxygen reaction initiates significant unraveling of the local bonding structure, which then allows
a wide range of aqueous reactions to affect previously impervious carbon atoms.

Figure 4.5: The oxidation and breaking of Carbon bonds in a section of an SU8 molecule by oxygen radicals
formed by the chemical reactions of H2SO4 and H2O2 [166].

The oxidation of carbon is a gradual clearing of suspended soot and carbon char left by
the initial dehydration process. In time, piranha mixtures in which organic materials have been
immersed typically will return to complete clarity, with no visible traces of the original organic
materials remaining. The dehydration reaction is the main reaction that we used to unravel and
disrupt the individual and crosslinked SU8 molecules. The oxidation reaction then breaks the
carbon bonds in the remaining dehydrated SU8 molecules allowing the remaining residues to be
cleared from the microfluidic channel

4.4

Characterization of Piranha Etch Rates of SU8
In order to characterize the etch rate of SU8 immersed in piranha mixtures with different

concentrations and temperatures, long (~ 4 mm) microfluidic channels were fabricated using
SU8 as the sacrificial core material.

Microfluidic channels were made by depositing and
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patterning straight lines of SU8-10 polymer with dimensions of width 12 µm, height 5 µm, and
length 1 cm on 4 inch silicon wafers as shown in Figure 4.6(a) [21].
The process of depositing the SU8 began by cleaning the silicon wafer with an O2 descum
(Technic Planar Etch II) at gas flow rate of 10 sccm O2, at a pressure of 350 mTorr, and a power
of 100 W for 60 seconds. A 6 mL quantity of SU8 was then poured on the silicon wafer and
spun (Laurell Spin Processor) at 500 rpm for 6 sec, 4400 rpm for 60 sec, and 6000 rpm for 2 sec.
The SU8 was then soft baked on a hotplate at 95ºC for 10 min and then allowed to cool for 5 min
at room temperature. Next, the wafer was patterned by aligning (Karl Suss MA 150 CC) and
exposing it to a dose of 140 mJ/cm2 broadband collimated UV light using a 350W mercury bulb.
A post exposure bake (PEB) was then performed for 10 min at 95ºC and then the wafer was
allowed to cool for 5 min at room temperature. The SU8 was then developed by immersing the
wafer in SU8 developer and agitating it for 1.5 min, removing and rinsing it with IPA, and
blowing it dry with Nitrogen. Finally, the SU8 was hard baked on a hotplate at 260ºC for 30 min
to further crosslink the polymer and to make it more thermally resistant.
The resulting SU8 structure has smooth, vertical sidewalls and a thickness of 5 µm. The
SU8 was covered with a 3 µm layer of PECVD SiO2 grown with a mixture of 5% silane in
helium (SiH4/He) and nitrous oxide (N2O), at 250°C, and 600 mTorr deposition pressure as
shown in Figure 4.6(b). The SU8 was exposed by cleaving an end of the microfluidic channels.
The microfluidic channels were then submerged in the piranha mixtures using custom teflon
wafer chip holders and the SU8 was removed as shown in Figure 4.6(c). The etch rate of the
SU8 in the piranha mixture was determined by measuring the amount of SU8 remaining in the
microfluidic channel after a given time using a light microscope (Leica DM LB 100T) with a 20x
magnification objective.
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(a)

(b)

(c)

Figure 4.6: Fabrication flow diagram of SiO2 microfluidic channels. (a) Deposition and patterning of SU8
polymer. (b) PECVD SiO2 overcoat layer. (c) SU8 sacrificial core removed [138].

In order to determine how the concentration of the piranha mixture effects the etch rate of
the sacrificial SU8, the microfluidic channels were immersed in several different concentrations
of piranha mixtures for 1 hour while the mixture was held at a constant temperature of 100ºC.
Figure 4.7 shows that the piranha mixture with a ratio of (1:20) (H2O2:H2SO4) produces the
highest etch rate of SU8.

Figure 4.7: The distances etched for microfluidic channels with SU8 sacrificial cores immersed in different
concentrations of piranha mixtures for 1 hour at 100°C [138].
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The temperature of the piranha mixture also plays an important role in the speed of the
etch rate of SU8 [167]. In order to examine these effects, we immersed our microfluidic
channels in piranha (1:1) (H2O2:H2SO4) mixtures for 1 hour at temperatures of 65°C – 140°C.
Figure 4.8 shows that as the temperature is increased, the etch rate of the SU8 increases
monotonically.

Figure 4.8: The distances etched for microfluidic channels with SU8 sacrificial cores immersed in a piranha
mixture with a ratio of (1:1) (H2O2:H2SO4) at temperatures ranging from 65°C – 140°C for 1 hour [138].

4.4.1

Optimization of Piranha Mixture for 100% Yield
While it is desirable to use a piranha mixture that produces the highest etch rate for SU8,

it is also important that the piranha mixture produce high yields for MEMS and MOEMS
devices. The piranha mixtures with higher ratios of sulfuric acid were expected to produce lower
yields because the sulfuric acid is much more viscous (26.7 cP at 20°C) than hydrogen peroxide
(1.245 cP at 20°C) [168]. The increased viscosity of higher concentration sulfuric acid causes
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gases produced during the reaction of piranha with the SU8 polymer, such as CO2, O2, and H2O,
to diffuse much more slowly over long distances. The slower diffusion rates cause higher
pressures to build up within longer hollow structures leading to more breaks and cracks [163]. In
order to determine the optimal piranha mixture for maximizing yield, the microfluidic channels
described in Section 3 were immersed in several different piranha mixtures with different
concentrations and temperatures.

The fabrication yield of the microfluidic channels was

calculated by considering the microfluidic channels to be separated into 500 µm segments
determined by the segment ruler. The microfluidic channels were examined to determine if any
breaks or cracks occurred within a segment as shown in Figure 4.9.

Figure 4.9: The top view of microfluidic channel setup for determining the fabrication yield percentage of
different concentrations and temperatures of piranha mixtures [138].

If a segment of the microfluidic channel had a break or crack within the entire length of the
segment, the entire segment was considered to have failed. The percentage of fabrication yield
of the microfluidic channel was then calculated by dividing the number of completely intact
segments by the total number of segments in a microfluidic channel using:
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𝐹𝑎𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑌𝑖𝑒𝑙𝑑% =

# 𝑜𝑓 𝐼𝑛𝑡𝑎𝑐𝑡 𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠

.

(4.6)

Figure 4.10 shows that a piranha mixture with a ratio of (1:1) (H2O2:H2SO4) at 100°C contained
the maximum concentration of H2SO4 that could be added to the piranha mixture before the
microfluidic channels fabrication yield decreased below 100%.

Figure 4.10: The fabrication yields for microfluidic channels with SU8 sacrificial cores immersed in different
piranha mixture concentrations for 24 hours at 100°C [138].

Figure 4.11 shows the fabrication yield for microfluidic channels immersed in piranha
mixtures with a ratio of (1:1) (H2O2:H2SO4) for 1 hour at temperatures between 65ºC – 140ºC.
Microfluidic channels immersed in piranha mixtures above 100°C tend to cause breaking and
cracking due to more vigorous chemical reactions and increased gas pressures. Therefore, we
have determined that the optimal etch temperature for the piranha mixture with a ratio of (1:1)
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(H2O2:H2SO4) that produced 100% fabrication yields was 100°C for the particular microchannel
geometry and overcoating described in Section 3.

Figure 4.11: The fabrication yields for microfluidic channels with SU8 sacrificial cores immersed in different
piranha mixtures with a ratio of (1:1) (H2O2:H2SO4) for 1 hour at temperatures from 65ºC – 140ºC [138].

Finally, in order to determine the optimal piranha mixture concentration and temperature
for the fastest SU8 etch rate with a 100% microfluidic channel yield, we repeated the
optimization testing for several different piranha mixtures. For example, microfluidic channels
made with SU8 sacrificial cores were immersed in the piranha mixture with a ratio of (1:40)
(H2O2:H2SO4) at temperatures varying between (60°C–120°C) for 1 hour.

From these

experiments, it was determined that the highest temperature piranha mixture the channels could
be immersed in with a 100% fabrication yields was 78°C. The etch distance of the SU8 was then
measured to be 700 µm.

This process was repeated for several different concentrations of
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piranha mixtures. Figure 4.12 shows that the piranha mixture with a ratio of (1:1) (H2O2:H2SO4)
has the highest SU8 etch rate for the maximum temperature that produces 100% fabrication
yields for the particular microfluidic channel geometry and over coating described in Section 3.

Figure 4.12: The maximum temperatures for piranha mixtures at different concentrations that still produces
100% fabrication yields (circles and light gray line) after 1 hour of etching. Also shown are the distances
etched in the microfluidic channels for the different concentrations and temperatures after 1 hour (triangles
and black line) [138].

The results in Figure 4.12 are for one specific channel geometry, however, when different
channel geometries are used, key processing conditions can be modified to provide the highest
SU8 etch rates while maintaining a 100% fabrication yield.

For each different microfluidic

channel geometry, there is a maximum internal pressure that the microfluidic channel can
withstand before it is damaged, which is defined as the critical pressure. The key processing
conditions which affect the critical pressure are the geometry of the microfluidic channel and the
concentration and temperature of the piranha mixture. In order to produce 100% fabrication
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yields, the parameters of the key processing conditions must be determined so that the critical
pressure of the microfluidic channel geometry is not exceeded.

Some general guidelines

describing how these parameters should be adjusted can be determined from previous
experiments [126, 163, 169].
First, if the width of a rectangular channel made with SU8 is increased, it is important to
increase the thickness of the channel overcoat layer so that for a given concentration and
temperature of piranha mixture, the critical channel pressure is not exceeded. The critical
pressure scales with channel geometry as [163]:

𝑡

2

𝑃𝑐 ∝ � 𝑤ℎ � ,

(4.7)

where Pc is the critical channel pressure, th is the thickness of the overcoat material, and w is the
width of the channel.

For example, when using a piranha mixture with a ratio of (1:1)

(H2O2:H2SO4) and a temperature of 100°C, the ratio th/w ≥ 1/4 keeps the channel pressure below
the critical channel pressure. This produces 100% fabrication yields of the microfluidic channels
that were described in Section 3.

Second, from Equation (4.7), if th/w >> 1/4, then the

microfluidic channels can withstand higher internal pressures. It is expected that the increased
temperature of the piranha mixture would produce increased SU8 etch rates that would follow a
similar trend as the SU8 etch rates in Figure 4.12.

4.4.2

Self decomposition of H2O2 and Diffusion Limited Etching
There are two other effects that need to be considered when determining how quickly

piranha mixtures etch SU8. The first effect is diffusion limited etching in long microfluidic
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channels and the second effect is the reduced concentrations of H2O2 in the piranha mixture, due
to self decomposition of H2O2 into H2O and O2. Both of these effects cause the etch rate of the
SU8 to be reduced over time. First, for a sufficiently long etch distances, the etch rate of long
microfluidic channels is diffusion limited and the etch length follows the diffusion equation:

𝐼(𝑡) = �

2𝐷(𝐶𝑠 −𝐶𝑏 ) 1/2
𝜌

�

(4.8)

,

where l(t) is the length of the microfluidic channel etched, ρ is the density of the SU8 in solid
form, Cs is the saturation concentration of the SU8 in the piranha mixture at the interface surface,
Cb is the concentration of SU8 in the bulk piranha mixture, and D is the diffusion constant for the
SU8 through the piranha mixture in the microfluidic channel [126, 136, 169-172] as shown in
Figure 4.13.

Figure 4.13: Model for the diffusion process that piranha uses to etch SU8 from the microfluidic channels
[138].

Second, the reduced etch rate of the SU8 due to self decomposition of H2O2 can also be
determined by the diffusion equation. However, the parameters that describe the concentration
of SU8 in the piranha mixture, Cs and Cb, are reduced because of the reduced concentration of
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H2O2 in the piranha mixture. The timeframe, for which the decomposition of hydrogen peroxide
significantly decreases the etch rate of the SU8 by the piranha mixture, can be determined
experimentally. This was done by immersing the microfluidic channels described in Section 3 in
a piranha mixture with a ratio of (1:1) (H2O2:H2SO4) that was changed every hour, and in a
similar mixture that was not changed over a six hour period. The measured distances of the SU8
etched by the piranha mixture changed every hour (triangles), and the piranha mixture that was
not changed (circles), are shown in Figure 4.14.

Figure 4.14: The distances etched for microfluidic channels with SU8 sacrificial cores immersed in piranha
mixtures with a ratio of (1:1) (H2O2:H2SO4) at 100°C for 6 hours that were replaced every hour (triangles and
solid line) and the microfluidic channels for which the mixture was not replaced (circles and light gray dotted
line) reflecting a decreased distance etched due to the effects of H2O2 self decomposition [138].

Curves with square root dependence, corresponding to Equation (4.8) were fit to the data
sets in Figure 4.14. The equations matched to these curves are given by the following: l(t) =
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(52t)1/2 for the piranha mixture changed every hour (solid line) and l(t) = (40t)1/2 for the piranha
mixture that was not changed (light gray dotted line) over the six hour period. The data shows
that a deviation of 10% in the etch rates of the SU8 occurs between 60 – 90 minutes. It was
determined that the piranha mixture should be replenished with hydrogen peroxide at least every
60 – 90 minutes to maintain consistently high etch rates of the SU8 in the microfluidic channels.
When the piranha mixture is changed every 60 – 90 minutes the fitted diffusion curve predicts
that a 4 mm microfluidic channel will finish etching in 100 hours. However, this can be
expensive and time consuming.

Figure 4.15: The distances etched for a 4 mm long microfluidic channel with SU8 sacrificial cores in a
piranha mixture with a ratio of (1:1) (H2O2:H2SO4) at 100°C for 120 hours with a replacement frequency of
24 hours (circles and black line) [138].

In practice, the piranha mixture was changed in 24 hour intervals which were shown
experimentally to etch 4 mm microfluidic channels in 120 hours as shown in Figure 4.15. The
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loss of 20 hours of processing time, in this case, was acceptable in order to reduce the cost of
continually replenishing the high concentration H2O2 in the piranha mixture.

4.5

Waveguide Optical Properties of Microfluidic Channels
Waveguides and other optical elements are increasingly being used in conjunction with

microfluidic channels to deliver light to microfluidic channels for optofluidic applications [40,
173, 174]. Waveguides, microfluidic channels, and supporting MEMS and MOEMS devices can
be made out of many different materials. However, SiN, SiO2, and Si are commonly used
because they are prominent in silicon manufacturing. When using these materials, it is important
that their optical properties are unchanged after they are immersed in piranha mixtures.
Specifically, it is important that the piranha mixtures do not significantly etch, roughen, or
change the index of the SiN, SiO2, or Si.

4.6

SiN, SiO2, and Si Optical Properties
In order to determine if the piranha mixture etches, roughens, or changes the index of SiN

and SiO2, films were grown at 250°C on 4 inch silicon wafers and placed in a piranha mixture
with a ratio of (1:1) (H2O2:H2SO4) at 100°C for 24 hours. The SiN was grown with a PECVD
system with a mixture of 5% silane in helium (SiH4/He) and ammonia (NH3), at 250°C, and 1
Torr deposition pressure. The SiO2 was also grown with a PECVD system with a mixture of 5%
silane in helium (SiH4/He) and nitrous oxide (N2O), at 250°C, and 600 mTorr. In order to
determine the effects of the piranha mixture on Si, a blank 4 inch silicon wafer was also placed
in a piranha mixture with a ratio of (1:1) (H2O2:H2SO4) at 100°C for 24 hours.
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4.6.1

Effect of Piranha on the Roughness of SiN, SiO2, and Si Films
Table 4.1 shows the Atomic Force Microscopy (Digital Instrument Dimension 3100)

(AFM) measured root mean square (rms) roughness (with a test accuracy within 0.2 – 0.3 nm) of
our SiN and SiO2 deposited at 250ºC, and Si before and after they are immersed in piranha
mixture with a ratio of (1:1) (H2O2:H2SO4) at 100°C for 24 hours before and after they were
immersed in piranha. It was determined from the AFM measurements that the roughness of the
films was not significantly affected by immersion in the piranha mixture and therefore additional
loss due to scattering mechanisms is not expected. Note that the roughness measurements shown
in Table 1 are for films deposited directly on Si substrates or the substrates themselves. When
films are deposited over SU8 sacrificial cores, the roughness of the SU8 will translate into the
SiN and SiO2 films. AFM measurements of the top of patterned and processed SU8 lines have
shown a roughness of 30 – 40 nm rms.

Table 4.1: The AFM rms roughness measurements for PECVD SiN, SiO2, and Si.

Film

4.6.2

Roughness of Film (nm)

Roughness of Piranha (1:1) Etched Film
(nm)

Si

0.3853 (+/- 0.09)

0.3265 (+/- 0.04)

SiN

1.295 (+/- 0.12)

0.9527 (+/- 0.04)

SiO2

1.8420 (+/- 0.15)

1.4133 (+/- 0.04)

Effect of Piranha on the Thickness and Index of Refraction of SiN, SiO2, and Si
It is also important that the refractive indices and thicknesses of the SiN, SiO2, and Si are

not significantly altered by immersion in the piranha mixture. Previous work has found that the
etch rate of PECVD SiO2 and Si are 0 nm/min, and the etch rate for SiN is 0.016 nm/min in a
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piranha mixture that is (98% H2SO4:30% H2O2) with a concentration of (50:1) at 120°C [175].
We performed similar tests using a piranha mixture with a ratio of (1:1) (H2O2:H2SO4) at 100°C.
Ellipsometry (Gaertner Scientific Corporation Model No. 1169-AK) and spectral reflectance
(F20 Film Measurement System Model No.: 205-0135) systems were used to measure the
refractive index and thickness of the SiN and SiO2 films. The refractive index of the SiO2 and
SiN films did not have measureable differences within a test accuracy of 0.005. The SiN and
SiO2 etch rates were determined by measuring the difference between the initial and final
thicknesses of the SiN and SiO2 films.

The etch rate of Si was determined using AFM

measurements to detect a decrease in the film thickness when scanned over the surface of
patterned Si structures. The SiO2 and Si did not have a measurable etch rate after immersion in
the piranha mixture, however the etch rate of the SiN film was 0.14 nm/hr and 0.17 nm/hr when
measured with spectral reflectance and ellipsometry respectively.

This has important

consequences if a MEMS device constructed with SiN requires precise film thicknesses or is
immersed in the piranha mixture for an extended amount of time.

4.7

ARROWs and Piranha Etching
Microfluidic channels created using SU8 sacrificial etching have been used to form

hollow anti-resonant reflecting optical waveguides [40, 43, 58, 129, 136, 176]. ARROWs are an
excellent example of the application of SU8 sacrificial cores. They utilize the unique properties
of SU8 to form a hollow microfluidic channel with a complicated geometry and vertical
sidewalls surrounded by a dielectric layer stack that maximizes its waveguiding properties.
ARROWs can be used to perform optical fluorescence sensing and detecting of single particles
by guiding light through low index liquids and gasses inside their hollow cores [8, 65, 177, 178].
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Hollow ARROW microfluidic channels were fabricated by depositing alternating dielectric
layers that act as Fabry-Perot reflectors. This allows light to be guided within the hollow core of
the ARROW when the dielectric layers are grown at precise thicknesses fulfilling the
antiresonant condition for maximum reflection into the waveguide core [58]. PECVD SiN and
SiO2 were used as dielectric layers at thicknesses of toxide = 270 nm and tnitiride = 93 nm when
nnitride = 2.05, noxide = 1.46, nc = 1.33, dc = 5 µm, and λ = 633 nm, to form an ARROW with low
propagation loss over a broad wavelength range from 500 – 700 nm. The optimized piranha
mixture with a ratio of (1:1) (H2O2:H2SO4) at 100ºC was used to sacrificially etch SU8 cores
producing ARROWs that were 4 mm long with 100% fabrication yields in 120 hours. This
represents a significant improvement over the well-established ARROW fabrication process that
uses Nanostrip, a commercially available piranha mixture with a ratio of (9:0.5:0.1:0.5)
(H2SO4:H2SO5:H2O2:H20) (Cyantek Corp.), which typically produces 100% ARROW fabrication
yields in 6 – 8 weeks. Figure 4.16 shows an SEM of the cross section of the finished ARROW
device after the SU8 sacrificial core has been removed. The dark lines are the SiN layers, the
lighter lines are the SiO2 layers, and the central region is the removed SU8 sacrificial core area.

Figure 4.16: An SEM of the cross section of a hollow ARROW microfluidic channel after the complete
removal of the SU8 polymer core in a piranha mixture with a ratio of (1:1) (H2O2:H2SO4) at 100°C for 120
hours [138].
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In conclusion, we investigated the use of SU8 as a sacrificial material for the construction
of MEMS and MOEMS devices. A process was determined to identify an optimal piranha
mixture for the removal of SU8 sacrificial material from microfluidic channels. This was
accomplished by varying the concentration and temperature of piranha mixtures to produce
100% fabrication yields and then observing which mixture produced the highest SU8 etch rate.
The piranha mixture with a ratio of (1:1) (H2O2:H2SO4), a temperature of 100°C, and
replenishment frequency of 24 hours produced 100% fabrication yields and the highest SU8 etch
rate for microfluidic channels with the geometry described in Section 3. This mixture did not
affect the thickness or index of SiO2 and Si. It also does not affect the index of SiN. However, it
does etch SiN slowly. The roughness of the SiN, SiO2, and Si films were all unaffected upon
immersion in the piranha mixture and, therefore, should not impact optical surface scattering
loss. To demonstrate structures that can be made with SU8 sacrificial etching, long (~4 mm)
ARROW microfluidic channels with stringent requirements on layer quality and complicated
dielectric layer stacks were fabricated with sacrificial SU8 cores. However, piranha mixtures
can be optimized for many different applications that use SU8 as a sacrificial material such as
fabricating voids, gaps, or release layers.

In a high volume fabrication environment, the

optimization of the piranha mixtures could significantly increase device fabrication yields and
decrease fabrication production time leading to higher throughput and more cost effective
manufacturing processes.
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5

5.1

LOW TEMPERATURE PECVD FILM DEPOSITION

Low Temperature PECVD Deposition Introduction
Within the semiconductor industry thin film deposition plays an essential role in the

fabrication of MEMS and MOEMS structures[179]. Thin films can be formed and deposited
using many different techniques [180] as shown in Figure 5.1. The main advantages of using
chemical vapor deposition (CVD) processes over other techniques is that it is possible to
precisely coat complicated 3D geometries with high density and high purity conformal thin films
using a variety of different materials [179]. Specifically, thin films deposited using plasma
enhanced chemical vapor deposition (PECVD) processes have the advantage of being able to be
deposited at much lower temperatures (100ºC–300ºC) than those using low pressure chemical
vapor deposition (LPCVD) (600ºC–900ºC) and other CVD processes [69]. Deposition at lower
temperatures allows for the construction of MEMS and MOEMS devices using temperature
sensitive materials such as polymers and metals and thin films that are relatively free of residual
stress [31, 127].
Silicon Nitride (SiN) and Silicon Dioxide (SiO2) thin films deposited using PECVD have
been widely used in the semiconductor industry as passivation layers [181], diffusion barriers
[77], gate dielectrics [182], and isolation material [183]. More recently, SiN and SiO2 thin films
have been used as structural materials for MEMS and MOEMS devices [184]. Specifically,
PECVD SiN and SiO2 films have been used for the construction of ARROW platforms as
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described in Chapter 3. ARROW platforms have gained attention have gained attention for
optical sensing and detection single nanoparticle applications in gas and liquid media based on
fluorescence and Raman detection [185-189].

Figure 5.1: Thin film deposition

techniques including PECVD deposition.

The effects of the deposition conditions of PECVD SiN and SiO2 layers on the
composition, film stress, and optical quality has previously been extensively researched [66, 67,
74, 190]. In this work we examine the effects on the optical quality of PECVD SiN thin films
deposited at 100ºC–250ºC for use in the construction of ARROW platforms. The stress in
PECVD SiN and SiO2 thin films deposited at 100ºC–250ºC are calculated theoretically and
measured to determine the mechanical implications for ARROWs construction. Finally, we
examined the use of solvent based photoresist when using SiN thin films deposited at 100 ºC to
increase the speed and yield of ARROWs fabrication.
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5.2

Low Intrinsic Photoluminescence Theory
When performing single particle fluorescence spectroscopy experiments using ARROWs,

laser light is often used to illuminate fluorophores attached to nanoparticle of interest. The laser
light is guided using solid and hollow core ARROW waveguides fabricated with of PECVD SiN
and SiO2 as described in Chapter 3. The PECVD SiN and SiO2 thin films have an intrinsic
photoluminescence (PL) associated with them. Photoluminescence is a process in which a
material absorbs photons and then radiates photons when illuminated with a light source such as
a laser. Quantum mechanically, this can be described as an excitation to a higher energy state
and then a return to a lower energy state accompanied by the emission of a photon [191] as
shown in Figure 5.2.

Figure 5.2: Band diagram showing the emission of a photon during the process of photoluminescence.

A significant source of noise, when measuring fluorescence, comes from the SiN and
SiO2 cladding materials of the waveguides. They can produce PL in the same wavelength range
as the fluorescence generated by an analyte located inside the hollow core of the waveguide
[178]. Because the background caused by the intrinsic PL of cladding materials cannot be
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filtered out, the subsequent signal-to-noise ratio (SNR) decreases. Therefore, it is desirable to
use SiN and SiO2 cladding materials that have a low intrinsic PL to fabricate ARROW sensing
platforms. There are two methods that can be used for reducing the PL of ARROW cladding
layers. First, the cladding materials can be replaced with materials that have a lower PL. This
has recently been accomplished with by replacing SiN with Ta2O5 [98]. However, using this
material creates additional fabrication complexity and ARROW design challenges. This is
because Ta2O5 must be deposited by sputtering instead of PECVD deposition. Ta2O5 also has a
narrower range of refractive indexes than PECVD SiN (n = 1.85–2.30) at which it can be
deposited that must be accommodated for when designing the ARROW platform. The second
approach is to alter the properties of the SiN or SiO2 cladding materials.

This can be

accomplished by adjusting the PECVD deposition parameters such that the SiN or SiO2 films
have larger band gap energies or defects which cause traps in the forbidden energy band gap,
both of which decrease the intrinsic amount of PL in the film. It is known that the substrate
temperature during PECVD deposition alters the PL of SiN and SiO2 films. High temperature
(HT) SiO2 (deposited at 250°C) has a relatively low intrinsic PL. However, high temperature
(HT) SiN (deposited at 250°C) has relatively high intrinsic PL at wavelengths of interest (λ =
680–730 nm) for ﬂuorescence sensing. For this reason, in this section we will be examining the
effects on the PL of SiN and SiO2 films by decreasing the deposition substrate temperatures of
PECVD1 and PECVD2 in the temperature range of 100 – 250°C. We will also be introducing
low temperature (LT) SiN (deposited at 100°C) in this section as a replacement for HT SiN as a
cladding material that will significantly reduce the PL of ARROW hollow waveguide platforms
and allow for higher signal to noise ratios which in turn provides more sensitive optical single
particle sensing.
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5.2.1

SiN and SiO2 Single Film PL Experimental Setup
In order to minimize the amount of PL in ARROWs, we have measured the (Jobin, Yvon:

LabRAM HR, λex = 633 nm, P ~ 5 mW, 5 s integration time) of PECVD SiN and SiO2 at
deposited at the temperatures of 100°C and 250°C where the PL of a blank Si wafer was used as
the baseline reference measurement. The PL measurements were performed on PECVD SiN and
SiO2 films with a refractive index of 2.05 and 1.46 (Gaertner Scientific Corporation Model No.
1169-AK) respectively at thicknesses of 150 nm (Tencore Profilometer) on 100 mm blank
silicon wafers. The PECVD SiN was grown with a mixture of 5% silane in helium (SiH4/He)
and ammonia (NH3), at 100°C and 250°C, 70 Watts of RF power, and 1 Torr. The PECVD SiO2
was grown with a mixture of 5% silane in helium (SiH4/He) and nitrous oxide (N2O), at 100°C
and 250°C, 23 Watts, and 600 mTorr.

5.2.2

SiN and SiO2 Single Film Photoluminescence Measurements
As mentioned above, it is preferable to use materials with low intrinsic PL to fabricate

waveguides in order to increase the sensitivity of fluorescence and Raman spectroscopy
measurements using ARROW platforms. Common fluorescence based biomolecular detection in
ARROWs is done in the wavelengths ranges from 680-730 nm with a pump beam of 633 nm.
The PL from cladding materials should be minimized in this range and can be removed with a
band pass filter at other wavelengths. To compare the PL from HT SiN and LT SiN based
ARROWs, single test films with a refractive index of n = 2.05 and thickness of t = 150 nm were
grown by PECVD and measured with a spectrometer.
Figure 5.3 shows that a HT SiN film has higher PL than a HT SiO2, LT SiN, or annealed
LT SiN film. In particular, the PL of the LT SiN film is substantially reduced by depositing the

165

film at a substrate temperature of 100°C. It has been suggested that SiN films deposited at low
substrate temperatures have higher hydrogen (H2) content and are very porous films which easily
oxidize by water (H2O) [102, 192, 193]. During oxidation, the H2O molecules react with the
chemically unstable ––Si––N––Si––, ––Si––N––H, and ––N––Si––H bonds to form more stable
––Si––O––Si––, ––Si––O––H, and H––O––H bonds. This causes the PECVD SiN film to be
more chemically similar to and resemble the PL of the HT SiO2 film. Finally, it is important to
note that testing LT SiN subsequently annealed at 250°C did not reveal any significant increase
in PL. This allows for the growth of HT SiO2 over the LT SiN during ARROW fabrication
without an increase in subsequent waveguide background PL.

Figure 5.3: The PL spectra of HT SiN, LT SiN, LT SiN annealed at 250°C for 1 hour, and HT SiO2 single
films (excitation wavelength of 633 nm).

5.3

Mechanical and Optical Properties of Low Temperature PECVD SiN and SiO2
While a decrease in the PL of PECVD SiN films deposited at temperatures of 100°C is

advantageous for use in fluorescence sensing with ARROWs, other optical properties of the
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films must not be significantly altered by the decreased substrate deposition temperature.
Specifically, the SiN film roughness, index of refraction, and optical loss must be significantly
changed using LT substrate deposition temperatures for ARROW platforms to still work
properly with the given design parameters.

5.3.1

Roughness of Low Temperature PECVD SiN and SiO2
First, the roughness of the HT and LT SiN and SiO2 films is measured to ensure that they

are not significantly altered by the low temperature substrate PECVD deposition process. The
film roughness of PECVD SiN and SiO2 was measured using Atomic Force Microscopy (AFM)
(Digital Instrument Dimension 3100) to ensure that low film roughness was maintained. The
same SiN and SiO2 films were used for PL measurements above were also used for the AFM
measurements. Table 5.1 shows the measured root mean square (rms) roughness for PECVD
SiN and SiO2 films grown at temperatures of 100ºC and 250ºC.

Table 5.1: AFM measurements of film roughness for SiN and SiO2 at high and low temperatures.

Film

Roughness of Film (nm)
250ºC

Roughness of Film (nm)
100ºC

SiN

0.39

1.18

SiO2

1.29

4.09

It was expected that PECVD film roughness would increase due to the more porous
nature of low temperature PECVD films. The PECVD SiN deposited at 100ºC has a higher film
roughness than the one deposited at 250ºC. However, the difference is small and the value is
comparable to the film roughness of PECVD SiO2 deposited at 250 ºC. For this reason, the LT
SiN does not cause additional scattering effects that contribute to increased losses. The film
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roughness of PECVD SiO2 deposited at 100ºC is significantly higher than for the PECVD SiO2
deposited at 250ºC. However, since the PL of the PECVD SiO2 is not significantly affected
when deposited at either 100ºC or 250ºC we mainly use PECVD SiO2 deposited at 250ºC to
maintain low film roughness.

5.3.2

Oxidation Effects on Index of Refraction
Another optical property that we want to remain unchanged during LT SiN growth and

over time is the index of refraction. It is necessary for the index of refraction to be very precise
in order to achieve antiresonance and reflective guiding with ARROW platforms. LT SiN films
have more voids than those grown at higher temperatures. As a result, it is possible for the SiN
films to go through a process of oxidation where oxygen atoms replace the nitrogen atoms in the
films and surrounding voids very quickly. It is known that PECVD SiN films grown at 100°C
oxidize quickly and the chemical composition of the film changes [194-196]. It is not confirmed
whether or not this is happening to our LT SIN films, however, if it is we must make sure that
the refractive indexes are not altered over time as the oxidation process occurs. Table 5.2 shows
the measured refractive index difference for LT SiN films that had an initial index of refraction
of n = 2.05 exposed to oxygen (O2) for 20 and 40 hours and then also immersed in DI water for
40 hours, each of which are a significant source of oxygen.

Table 5.2: The change in index of refraction due to the effects of oxidation of PECVD SiN.

Oxidation Method

Difference in the Index of
Refraction (Δn)

20 hours O2 Exposure

0.007

40 hours O2 Exposure

0.009

40 hours DI Water

0.011
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The films experienced a small change in the index of refraction that is within the ARROW
design tolerances and, as a result, do not significantly alter the guiding properties of the ARROW
platform.

5.4

Low PL SOC ARROW Platform Fabrication
Next, having verified that the PL of single SiN films is reduced using LT deposition and

that the film roughness and index of refraction are not altered significantly, we fabricated
ARROW platforms for optical characterization. A different type of ARROW design was used
than has been previously presented in this dissertation.

For these optical characterization

experiments a single oxide covering (SOC) ARROW platform was utilized to maximize optical
throughput and reduce optical loss. SOC ARROW platforms have been used successfully in the
past and are described in more detail in other works [53, 197, 198]. The fabrication process for
SOC LT SiN /HT SiO2 ARROW platform is very similar to the fabrication process used for
standard HT SiN /HT SiO2 ARROW platforms [40]. To begin with, a pedestal was wet etched
into a silicon substrate with KOH [197]. Six alternating layers of HT SiO2 and LT SiN were
coated over the silicon pedestal by PECVD deposition. The LT SiN and HT SiO2 was grown
with a mixture of 5% silane in helium (SiH4/He) and ammonia (NH3) and a mixture of 5% silane
in helium (SiH4/He) and nitrous oxide (N2O) respectively. SU8-10, a negative tone photoresist,
was applied and patterned as a sacrificial material that forms a rectangular hollow core over the
bottom layers. A single layer of LT SiN and a thick HT SiO2 layer, which ensures mechanical
strength, were coated over the SU8-10 sacrificial core. Finally, the ends of the SOC ARROW
waveguides were opened using an RIE etch process and the SU8 cores were removed in a
piranha mixture which consisted of sulfuric acid and hydrogen peroxide [138]. Figure 5.4 shows
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an SEM image of a completed SOC ARROW made with LT SiN /HT SiO2 films with a hollow
core 12 µm wide and 5 µm high.

Figure 5.4: SEM image of a SOC ARROW fabricated with LT SiN /HT SiO2.

The detailed fabrication recipes and ARROW design for the SOC ARROW used here are
described in Appendix B and other works [53].

To build an on-chip ARROW platform as

shown in Figure 5.5, solid core waveguides are created on the same substrate to propagate
optical signals on and off the chip and into and out of the hollow core waveguides.

Figure 5.5: ARROW based optical fluorescence measurement setup.
photodiode; V: voltage between fluid reservoirs.
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APD: single photon avalanche

The structure consists of the layers employed to create hollow core ARROWs, including the
thick SiO2 layer. Solid waveguides are then formed by reactive ion etching (RIE) the topmost
SiO2 layer. Light is guided in this layer, confined by ARROW layers beneath and the air-SiO2
interfaces on the waveguides top and sides through total internal reflection.

5.4.1

Optical Loss Characterization
Having successfully fabricated SOC ARROW platforms, the optical loss of LT SiN /HT

SiO2 solid and hollow core ARROWs was compared to standard HT SiN /HT SiO2 ARROW
platforms to ensure that the SOC ARROW platforms had similar optical properties. The loss
coefficients for the solid and hollow core ARROWs were measured by the scattering loss
imaging method, as described in Chapter 6, using 10 LT SiN and 20 HT SiN ARROW samples
[199]. Solid core waveguides for both types of ARROWs were 12 µm wide and formed by RIE
etching a ridge 2 µm deep into the topmost thick SiO2 cladding layer. For the solid cores, the
average loss coefficient was 1.9 cm-1 with σ = 0.6 cm−1 for the LT SiN /HT SiO2 ARROWs and
1.8 cm−1 with σ = 0.3 cm−1 for the HT SiN /HT SiO2 ARROWs. Hollow core waveguide
dimensions for both types of ARROWs were 12 µm x 5 µm. The average loss coefficients were
measured by filling the hollow cores with water (n = 1.33). The liquid core loss was 6.2 cm−1
with σ = 2.1 cm−1 for LT SiN /HT SiO2 ARROWs and 5.9 cm−1 with σ = 2.8 cm−1 for HT SiN
/HT SiO2 ARROWs. These measurements clearly suggest that both types of waveguides have
comparable optical properties and replacing the HT SiN layer with LT SiN does not add
significantly to optical loss.

171

5.4.2

ARROW Photoluminescence Measurement Setup
In order to explore and compare the detection sensitivity between standard HT SiN / HT

SiO2 ARROW platforms and SOC LT SiN / HT SiO2 ARROW platforms, a previously described
detection setup was employed [176] and is shown in Figure 5.5. A 633 nm pump light of 3.3
mW emitted from a HeNe laser was coupled into the solid core waveguides on an ARROW
platform. The fluorescence signals generated at the excitation volume were collected via an
objective lens (Olympus, NA = 0.85). Spurious excitation photons were removed by collecting
the fluorescence perpendicularly to the excitation direction and by a bandpass filter (Semrock
Corp.) before coupling into an avalanche photodiode detector (APD, Perkin Elmer, SPCM-AQR14-FC).

5.4.3

ARROW Photoluminescence Results
Finally, the resulting PL intensity measurements as a function of time from water filled

(18 MΩ-cm) standard HT SiN /HT SiO2 and SOC LT SiN /HT SiO2 ARROW platforms are
measured and compared in Figure 5.6. The liquid core channels were filled with water and the
detector signal was recorded with the laser off (t < 60 s), the laser on (60 s < t < 120 s), and the
average dark counts subtracted from the measured signal. The experimental results show that the
background noise baseline under illumination is reduced by a factor of 10 when HT SiN films
are replaced by LT SiN films. This result is in agreement with the PL measurements taken for
single films in Figure 3, which also indicates a reduction factor of 10 between HT SiN and LT
SiN at a wavelength of 690 nm. Based upon previous results obtained with standard Ta2O5 /HT
SiO2 ARROWs [98], we would expect that the LT SiN /HT SiO2 ARROWs SNR would increase
by a factor of 10 for actual fluorescence measurements.
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Figure 5.6: Comparison of fluorescence background signals between standard HT SiN /HT SiO2 and SOC
LT SiN /HT SiO2 ARROW platforms. The blue lines represent the average PL of the standard HT SiN /HT
SiO2 and SOC LT SiN /HT SiO2 samples respectively over the time interval 60 s < t < 120 s.

5.5

Lower Film Stress at Low Temperatures
Another important consideration when fabricating ARROW platforms with low

temperature PECVD SiN and SiO2 films is ensuring that the intrinsic stresses of the films do not
cause the ARROW hollow core sections to break and fracture [200, 201]. Typically, SiN and
SiO2 films have moderate tensile and high compressive intrinsic stresses respectively as shown
in Figure 5.7.

(a)

(b)

(c)

Figure 5.7: A diagram of a tensile stressed SiN, a zero stressed ideal film, and a compressive stressed SiO2
PECVD film [200].
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These opposing stresses must be balanced in the complete ARROW platform structure in
order to ensure that the films do not fracture and delaminate. Ideally, we are able to fabricate
ARROW platforms with films that have zero or minimal stress. However, there are many factors
that affect stress in PECVD films such as film material, chamber cleanliness, precursor gas
composition, chamber pressure, power, and substrate deposition temperature [202, 203].

As

with the PL, the substrate deposition temperature significantly affects the film stress of SiN and
SiO2. To understand this relationship better we can begin with the overall bulk stress of a thin
film, σbulk, which is a combination of the intrinsic, σintrinsic, and thermal, σthermal, stresses given by
[204]:

𝜎𝑏𝑢𝑙𝑘 = 𝜎𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 + 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ,

(5.1)

where intrinsic stress is given by [204]:

𝜎𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 =

𝐸𝑓

,

(5.2)

3�1−𝐸𝑓 �

and the thermal stress by the deposition of the thin film can be given by the thermo-mechanical
equation [204]:

𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =

𝐸𝑓

1−𝑣𝑓

(5.3)

�𝛼𝑠 − 𝛼𝑓 �∆𝑇,

where Ef is Youngs modulus, vf is Poisons raito, αs and αf are the thermal expansion coefficients
of the substrate and film respectively, and ΔT is the difference in temperature between the
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substrate deposition temperature and room temperature, 25ºC. We can then use Equation (5.3)
to approximate the factor by which the film stress is reduced for the same film deposited at a
substrate temperature of 100°C and 250°C using:

𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙100
𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙250

=

100−25°𝐶
250−25°𝐶

=

75

225

= 0.333.

(5.4)

As a result of Equation (5.4) it is then theoretically possible to reduce the SiN and SiO2 ARROW
platform film stresses by a factor of 0.333 using substrate deposition temperatures 100°C. In
order to verify our theoretically predicted stress reduction factor, we measured the stress of SiN
and SiO2 films. For these measurements we used the exact same films that were used for the PL
measurements described in the above sections. The thickness and stress of the films were
measured using a Flexus 2320 Dual Wave Length Thin Film Stress System (KLA – Tencor
Corporation). Figure 5.8 shows the stress measurements and the linear fit of the data.

Figure 5.8: The measured (blue and red circles) and fitted (blue and red solid lines) for the stress of SiN and
SiO2 respectively at 100°C and 250°C.
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The measured SiN film stress at 100°C and 250°C is 7.6 MPa and 22.5 Mpa which gives a stress
reduction of 7.6⁄22.5 = 0.33. The measured SiO2 film stress at 100°C and 250°C is -56.6 MPa

and -188.4 Mpa which gives a stress reduction of −56.6⁄−188.4 = 0.3.

Therefore, the

measurements of the reduction of the film stresses in our SiN and SiO2 films are in good
agreement with our theoretical predications.

We can then be confident that reducing the

substrate deposition temperature of our PECVD SiN and SiO2 films from 250°C to 100°C will
reduce our film stresses by a factor of approximately 1/3.

5.6

ARROW Platforms using Solvent Based Photoresists
Finally, one last application of LT PECVD films is the fabrication of ARROW platforms

using low temperature solvent based photoresists [205]. The main advantages of solvent based
photoresists is that they can be easily and quickly removed using common solvents such as
acetone, NMP, or 1165 if they have not been baked at elevated temperatures above
approximately 120°C. Solvent based photoresist could then be used as a sacrificial core material
for ARROW platforms because it can be removed from the core very quickly with minimal
damage to the ARROW hollow core section. The on disadvantage of using solvent based
photoresists is that they typically tend to be positive photoresists, such as AZ3330, which upon
completion of processing produce slightly trapezoidal shaped core geometries [205]. Figure
5.9(a) shows a cross sectional SEM image of a rectangular ARROW sacrificial hollow core
compared to a trapezoidal ARROW sacrificial hollow core shown in Figure 5.9(b).
However, the trapezoidal shape of the core is usually so slight that it can be approximated
as a rectangle for optical characterization purposes. The key then, to being able to use these
solvent based photoresists as sacrificial materials is the ability to deposit PECVD layers over
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them at temperatures below 120°C, which we have already demonstrated that we are able to do
with SiN using PECVD 1. However, SiO2 is not easily deposited at temperatures below 120°C
using PECVD 2 as has been discussed in Chapter 3. For this reason it was necessary to develop
a fabrication process that was able to create a hollow core channel using only the AZ3330
sacrificial core material and low temperature PECVD SiN.

(a)

(b)

Figure 5.9: SEM images of ARROW sacrificial cores that are (a) rectangular shaped and (b) trapezoidial
shaped.

5.6.1

Solvent Based Photoresist Sacrificial Core ARROW Fabrication
The low temperature SiN film trapezoidal ARROW fabrication process is shown in

Figure 5.10. First, Figure 5.10(a) shows the deposition of a 2 µm thermal oxide layer and
alternating ARROW layers of high temperature PECVD SiN and SiO2. Figure 5.10(b) shows the
deposition and patterning of the trapezoidal AZ3330 low temperature sacrificial core.

Next, a

low temperature PECVD SiN film is deposited over the photoresist core as shown in Figure
5.10(c). Because a low temperature PECVD SiN film is deposited over the photoresist core
acetone can be used to remove the photoresist core in approximately 2 hours leaving behind a
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thin supporting SiN ARROW layer as shown in Figure 5.10(d).

Finally, Figure 5.10(e) shows

the deposition of the remaining alternating high temperature SiN and SiO2 ARROW layers.

Figure 5.10: The process flow diagram for the fabrication of solvent based photoresist sacrificial core
ARROW platforms using low temperature PECVD SiN.

Figure 5.11: The measured (red and blue circles) and fitted (red and blue solid lines) etch distance versus
time for of ARROW platforms made with low temperature AZ3330 sacrificial core etched in acetone and an
SU8 sacrifical core etched in a piranha acid mixture.
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Figure 5.11 shows measurements of the etch distance of ARROW platforms made with
the low temperature AZ3330 sacrificial core and an SU8 sacrifical core. It can be seen that the
AZ3330 sacrificial core can be etched in acetone much more quickly than the SU8 is etched in a
piranha acid mixture.

5.6.2

Simulated and Experimental Trapezoidal ARROW Optical Losses
In order to ensure that the trapezoidal ARROW platform is optically similar to the

rectangular ARROW platform we have simulated the optical loss of both ARROW platforms
using BeamPROP (RSoft). Using the BeamPROP simulation software we were able to simulate
the propagation of a wave in ARROW platforms for each of the two ARROW platform hollow
core geometries and calculate the resulting losses. Figure 5.12(a) – (d) shows images of the
cross sectional profiles of the simulated ARROW platforms and their imaginary effective
indexes. The imaginary part of the effective index, neff, is used to calculate the loss, αwg, of the
ARROW by [62]:

𝛼𝑤𝑔 =

4𝜋𝑛𝑒𝑓𝑓 �10−4 �
𝜆

𝑐𝑚−1.

(5.5)

The losses for the rectangular and trapezoidal cores from Equation (5.5) are then:

𝛼𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 =
𝛼𝑡𝑟𝑎𝑝𝑒𝑧𝑜𝑖𝑑𝑎𝑙 =

4𝜋∙7.244∙10−6 ∙10−4
0.633

4𝜋∙7.484∙10−6 ∙10−4
0.633

= 1.43 𝑐𝑚−1,

= 1.48 𝑐𝑚−1.
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(5.6)
(5.7)

(a)

(b)

(c)

(d)

Figure 5.12: BeamPROP loss simulations of the trapezoidial and rectangular core ARROW platforms.

While the rectangular hollow core ARROW platform has slightly less loss than the trapezoidal
hollow core ARROW platform, they are similar enough to conclude that they have the same
optical waveguiding properties. Finally these simulated results were confirmed by measuring the
transmission of actual rectangular and trapezoidal hollow core ARROW platforms as shown in
Table 5.3. While the transmittance of the rectangular hollow and solid core ARROW platform is
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higher than the rectangular hollow and solid core ARROW platform, the values are still similar
enough to ensure that the two types of ARROW platforms are optically equivalent.

Table 5.3: The experimentally measured transmittance of rectangular and trapezoidal core ARROWs

Sacrificial Core

Solid Core Transmittance (%)

Hollow Core Transmittance (%)

Rectangular SU8-10

2.8

1.69

Trapezoidal AZ3330

2.65

1.03
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6.1

ARROW WAVEGUIDE CHARACTERIZATION

Introduction

The ARROW waveguide fabrication process used in this dissertation has many
complicated and delicate fabrication steps. The most basic ARROW waveguides still require
multiple PECVD film depositions, wafer cleans, and lithographic patterning steps. Many of
these steps require significant time and effort and add to the fabrication cost of the devices. It is
important to minimize the fabrication complexity while maximizing both fabrication yield and
optical performance of the completed devices.

One important consideration, as discussed

previously in Chapter 2, is the number of cladding layers used in the ARROW design.
Increasing the number of anti-resonant cladding layers does reduce the optical loss of the
waveguide however it also increases the complexity of the ARROW waveguide fabrication.
Because each additional PECVD layer also requires significant processing time and adds
additional film stress to the structure, a compromise must be reached between fabrication
complexity and optical loss. The sacrificial core removal process also occurs very slowly for the
ARROW waveguides that we use which are very long in comparison to their cross sectional area
and the materials used. Although this core removal process has recently been greatly improved
using a new piranha mixture acid for the core removal, the time required for complete fabrication
and characterization of ARROW waveguides is still typically 2 – 3 weeks. Therefore, any
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improved methods or techniques that can be used to improve fabrication processes or yields are
valuable. Because of the significant time required to fabricate actual ARROW waveguides and
the destructive nature of optical testing methods, the characterization of new processes are
usually performed on test structures, using the minimum complexity required to accurately
represent the structure. The characterization and optimization of each process discussed in this
dissertation was performed first on test structures before integration into the complete fabrication
process for ARROW waveguide production.

After the ARROW waveguide fabrication is

completed, several methods are used to characterize the waveguides. Certain methods are used
mainly to determine potential fabrication yield improvements, while others are used primarily to
determine the optical performance of the waveguides. Both optical and electron microscopy are
invaluable tools and commonly used for the analysis and characterization of ARROW waveguide
fabrication methods. Because of simplicity it is preferred to use optical microscopy whenever
possible to verify the correct usage of fabrication steps using test structures or actual
waveguides. Most problems that are encountered with our micron sized ARROW waveguides
can be observed using the optical microscope inspections at 200x magnification or less. When
more detailed examination of the structures and surfaces is necessary, scanning electron
microscopy (SEM) is used to determine the source of any detected problems. SEM images of
both the surfaces and cross sections of fabricated devices can reveal much more than optical
microscopy about the cause of waveguide failures. Preparation of the samples for SEM imaging
is relatively simple since ARROWs are fabricated with solid materials and at the point of SEM
imaging are not filled with any liquids or gases. First samples of interested are cleaved with a
diamond scribe into pieces no larger than ~1 cm2 so that they will be able to be easily mounted
on SEM stage holders and be viewable over the range of area that the SEM can scan. For cross
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sectional imaging of samples with the alternating SiN and SiO2 layers, contrast between the
layers is usually desired. This is accomplished by cleaving the sample perpendicularly through
the sample of interest. This sample piece is then placed on edge inside the Anelva RIE and held
in place using microscope slides. A 30 second RIE etch creates the desired contrast between the
SiN and SiO2 layers because the SiN etches approximately 50% faster than the SiO2, resulting in
recessed SiN layer edges. These recessed layers show up as dark areas next to the brighter SiO2
edges in the SEM images. This etching also shows the difference between SiO2 and the silicon
substrate because of the etch rate difference between these materials. Alternately, the edge of the
sample that is to be imaged can be etched by partially submerging it in a BEO 3% HF solution
using a custom Teflon chip holder. The same principle applies in an opposite way such that the
SiO2 layer will be etched by the HF approximately 50% more quickly, resulting in recessed SiO2
edges. For this case the recessed SiO2 edges show up as dark areas next to the brighter SiN
edges in the SEM images. After etching, the samples are mounted onto an SEM stage sample
holder using double sided conductive carbon tape. Since the samples are generally fabricated
with materials such as PECVD or photoresist films that are non-conductive, a 20 – 50 nm gold
coating is depositied on the sample to reducing charging of the sample during SEM imaging.
This typically completes the sample preparation.

For the images shown throughout this

dissertation, the electron microscope used is a Philips XL30 ESEM FEG (Philips, or FEI).

6.2

ARROW Waveguide Fabrication Yield
The first step in the characterization of ARROW waveguides is to determine how many

of the waveguides are intact by visual inspection with the optical microscope which is the
fabrication yield. A specialized mask set is used to create test structures. The current mask
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designs will create straight waveguides 2 mm in length in 12 groups of 21 and out of those 21
waveguides, 7 of the waveguides have widths of 9, 12, and 15 μm. This results in 84 devices for
each waveguide width, spread across 12 groups. Current mask designs for ARROW sensor
platforms create 32 devices on a single 4 inch wafer, where the 4 mm-long active section of the
hollow core waveguides are separated by 9 mm of solid-core waveguides. On a single sensor
platform, the total length of the hollow-core waveguide is 8 mm, including the bent arms that are
only used to attach reservoirs to for sample introduction. Because of the large number of devices
created on each wafer and the time required to optically test each device, the completed devices
are first examined for large defects using an optical microscope. This examination will typically
reveals large cracks and breaks in the hollow ARROW channels, as well as poor quality cleaved
facets on the solid waveguides. While poorly cleaved facets on solid core waveguides can
usually be improved by re-cleaving, most breaks in hollow waveguides, particularly in the active
part of the hollow waveguide, result in unusable channels. Due to sacrificial etching process and
the intrinsic thin film stress of the dielectric cladding layers used for ARROW fabrication, the
hollow channels are susceptible to breakage. Hollow channel breakage usually results from one
of three causes: fabrication process deviations, sacrificial core removal stress, or improper
handling of completed devices.
Because the ARROW waveguide fabrication process is very complex there are many
opportunities for failures to occur. Most of these failures occur after the sacrificial core has been
removed, however, some of them also occur during the processing of the sacrificial core. Prior
the sacrificial core being hard baked, the photoresist or SU-8 material is still not completely
crosslinked that has been brushed by a cleanroom towel. Figure 6.1(a) shows an SEM image of
the damage that occurs when an SU-8 core on a wafer is turned over and is rested on a
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cleanroom towel. Even after hard baking, the SU-8 can be easily damaged if it comes into
contact with objects such as cleanroom tweezers. Figure 6.1(b) shows an SEM image of SU8
core that have been damaged or scratched by cleanroom tweezers.

While damage due to

abrasion happens, the most common ARROW channel breaking and cracking occurs during the
sacrificial core removal, where etching gases that are generated inside the channel build up and
intensify the stress in cladding layers causing them to break.

(a)

(b)

Figure 6.1: SEM images of damaged SU-8 sacrificial cores for ARROWs: (a) Damage from a cleanroom towel
and (b) an SEM of damage to an SU8 core by a cleanroom tweezers.

This type of breakage usually occurs at locations of weakness or high stress in the
deposited films such as sharp corners or abrupt transitions in the waveguide geometry. This
typically results in cracks along the top, sides, or corners of the waveguides. Sometimes the
breaks occur at locations where the core was previously damaged or particles stuck to the core
during normal processing. These problems tend to result in small, localized breaks and cracks,
where only small portions of the waveguide are missing as in Figure 6.2(a) and (b).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.2: SEM and optical microscope images of different breaks that occur in ARROW waveguides: (a)
and (b) are breaks that have occurred from particle contamination, (c) and (d) from film stresses, and (d) and
(e) from insufficient moisture or photoresist removal.
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Large breaks such as the ones shown in Figure 6.2(c) and (d), also occur but for different
reasons. These breaks are usually due high film stress and non-conformality of PECVD films
deposited at the corners of the ARROW waveguides. They are typically identified by a large
section of the hollow waveguide being completely broken apart from the channel. Excessive
film stress can be reduced by annealing, better film stress matching, or more frequent cleaning of
the PECVD chambers. Another source of breaking is layer adhesion. These breaks are typically
characterized by long, straight, hairline breaks in the channel and rounded breaks that extend
through multiple top cladding layers. Layer adhesion breaks such as those shown in Figure
6.2(e) and (f) often occur when moisture or photoresist is not sufficiently removed from the
wafer before top layer deposition and can be improved by thorough oxygen plasma cleaning.
The channel breaking due to sacrificial core removal is typically seen as regular periodic
breaking that occurs down the length of a channel as shown in Figure 6.3. Typically only small
but complete sections of the channel will be removed at regular intervals as the gas pressure
builds within the channel.

Figure 6.3: Optical microscope image of a channel break that occurred during sacrificial etching.
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This type of channel breaking has been significantly reduced by changing the sacrificial
core removal acid from Nanostrip to a new (H2O2:H2SO4) (1:1) piranha mixture as described in
Chapter 4. The reduction in the channel failure rate is because the new piranha mixture is much
less viscous and therefore allows etching gases to diffuse more freely through the solution before
critical pressure levels are reached that would break the channels [136].
Improper handling of completed wafers can also cause damaged ARROW channels.
Most of this type of damage is caused by handling the wafer with tweezers or during cleaving of
the wafer into individual chips. Figure 6.4 shows an optical microscope image of an ARROW
hollow core that was damaged when it was scratched by a tweezers. This type of damage is
typified by the resulting debris surrounding the hollow channel.

Figure 6.4: An optical microscope image of an ARROW hollow core that has been damaged by scratching it
with a tweezers.

Occasionally, devices are destroyed during shipment between BYU and UCSC, but most of this
damage can be avoided by using proper chip or wafer holders. With good procedure most of
these breakages are avoided and current yields have greatly improved since this many of the
processes that cause ARROW hollow core breaking have been identified and improved upon.
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6.3

ARROW Platform Optical Losses
After determining that the waveguides are intact, they are tested optically. For testing

ARROW sensor platforms, each individual ARROW platform is typically first characterized
using the edge-to-edge total optical throughput.

The test setup for measuring the optical

throughput is in Figure 6.5. There are several loss mechanisms inherent in the ARROW sensor
platforms that reduce the optical throughput. However, the total throughput gives a reasonable
rough measurement of the overall quality of the fabricated ARROW platform. For the chip
throughput measurement, an individual ARROW sensor device is placed on a microscope testing
stage. Light of the wavelength of interest is coupled from a HeNe (633nm) laser into a single
mode optical fiber (SMF). The end of the SMF is placed in a fiber mount on a 3D micrometer
stage that allows for alignment with the solid-core waveguide on one edge of the chip. To
collect the light emitted from the solid core waveguide on the opposite edge of the chip, a 60x
microscope objective is aligned with the solid core waveguide facet.

Figure 6.5: Test setup for measuring the edge-to-edge optical throughput of the ARROW sensing platform.

The light collected by the objective is coupled into an optical detector power meter. The
positions of the fiber and the objective are then carefully adjusted until the transmitted power is
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maximized. For each ARROW sensor platform, the first loss mechanism is the edge coupling
efficiency, ke1. This efficiency accounts for the reflection of light from the chip facet as well as
the coupling efficiency from the guided fiber mode to the mode in the solid-core waveguide. In
order to have efficient coupling the cleaved facet of the solid core must be very perdencidular,
flat, smooth, and aligned well with the hollow core. This is only possible if the sacrificial cores
and the ridge waveguides are aligned well to the silicon crystal lattice. This is accomplished by
aligning the first photomask with a large flat on the edge of the wafer. However, the accuracy of
the alignment with the [206] direction of the silicon crystal is still limited by the abilities of the
photolithography tool and operator and by the accuracy of the flat location, which can be off by
as much as 2%. This can cause rough, non-perpendicular cleaved facets.
Another issue that affects the facet quality is that some of the facets are damaged during
cleaving. Facets are initially examined using the optical microscope, and then later examined
with a CCD camera before throughput testing. Damaged facets are re-cleaved to maximize the
optical power coupling and minimize the introduction of optical mode aberrations. Figure 6.6(a)
and (b) shows some SEM images of cleaved ridge waveguide facets of varying quality. At the
other edge of the chip, the second edge coupling coefficient, ke2, also accounts for the reflection
at this chip facet. However, since an objective is used to collect the light, most of the emitted
light is collected, and we can assume that the edge coupling is limited only by the finite
reflection from the facet. As a result, for a high quality facet between the SiO2 solid core
waveguide and air ke2 ≈ 0.96.

Typical values measured for the edge coupling efficiencies

together are ke1 ∙ ke2 ≈ 0.55. Edge coupling efficiency could potentially be improved using anti-

reflection coatings on the facet of the solid core waveguides however this would greatly increase

the cost and fabrication complexity of the ARROW sensor platform. Cleaved facets can also be
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improved by facet polishing with fine, diamond-coated polishing pads. However, this is very
difficult because of the multiple facets, long polishing times, and delicate hollow waveguides on
our ARROW platforms.

(a)

(b)

Figure 6.6: SEM images of solid core waveguide facets from wafer cleaving: (a) a high quality cleaved facet
and (b) a poor quality, rough, non-perpendicular cleaved facet that was caused by wafer misalignment.

The next loss mechanism is solid core waveguide propagation loss, αs. Loss in the solid
core waveguide is caused by absorption in the SiN and SiO2 films, as well as scattering from the
film roughness of the tops and sides of the solid core waveguides. Typically, the solid core
waveguides are formed in 3 mm thick SiO2 PECVD films. Very little light is absorbed by these
films, however, the PECVD deposition results in very rough film surfaces. Additionally, the
roughness of each film surface is transferred and amplified from lower films to the upper most
layers during subsequent depositions.

This results in a typical rms roughness value of

approximately 98 nm on the top most SiO2 ARROW layer.

The sides of the solid-core

waveguides are also rough as a result of RIE etching however this value has not been measured.
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The roughness of the material and the sides of the waveguide typically result in an ARROW
solid core waveguide loss of αs ≈ 0.6 – 0.9 cm-1 for 12 μm wide solid core waveguides.
Next, a significant amount of optical loss occurs at the interface between the solid and
hollow core waveguides as shown in Figure 6.7(a). The interface transmission efficiencies, ki1
and ki2 accounts for this optical loss. In theory, the top ARROW layer structure can be designed
to maximize the transmission through these interfaces [207], with ki1 ≈ ki2 ≈ 0.98. However, with
actual fabricated ARROW devices, light scatters and reflects dramatically at these interfaces, as
shown in Figure 6.7(b). This light scattering and reflection leads to an average of only 35%
transmission through each of these interfaces.

(a)

(b)

Figure 6.7: A diagram of the ARROW solid and hollow core interface loss (a) Cross-sectional view of the
interfaces between the solid and hollow core ARROWs and (b) a digital image of light scattering at the
intersection of an ARROW solid and hollow core waveguide interface [208].

The low transmission at the solid and hollow core interface is a result of the nonconformal coating of the rectangular sacrificial core using PECVD films.

As discussed

previously, because of the non-conformal deposition of the PECVD films, deposition occurs
more slowly at the lower corners and on the sides of the structure. This results in thinner films in
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these areas, producing non-uniform film thicknesses on the sides of the waveguide and a crevice
in the solid-core waveguide films at the interface. Both of these issues cause reduced light
transmission between the solid and hollow ARROW waveguides.
In ARROW platforms, there is also a propagation loss of the hollow core waveguide, lh.
The hollow core loss is also caused by the inherent roughness of the SiN and SiO2 PECVD films.
Further loss in fabricated hollow core waveguides is also caused by the non-conformal
deposition process and the corresponding vertical layer deviations from the design thicknesses.
The most straightforward method for overcoming this difficulty is to use PECVD SiO2 films
deposited with a TEOS precursor gas. This method of deposition provides very conformal films
however it is not available at BYU and it is expensive to get it deposited at other fabrication labs.
Additional losses can also be added if the sacrificial core is insufficiently removed from the
hollow core and SU-8 or acid residues remain.

For complete platforms, the total optical

throughput for the ARROW platform, T, is given by [209]:

𝑇 = 𝑘𝑒1 𝑒 −𝛼𝑠 𝑙𝑠 𝑘𝑖1 𝑒 −𝛼ℎ 𝑙ℎ 𝑘𝑖2 𝑘𝑒2,

(6.1)

where ls and lh are the lengths of the solid and hollow ARROW waveguides, respectively. For
light transmission through a complete ARROW platform, the total light attenuation for each
individual loss mechanism is shown in
Table 6.1. The two biggest sources of attenuation are the interface coupling and the hollow core
waveguide loss.

Therefore, the two most promising methods of improving the ARROW

platform throughput is to reduce the hollow core waveguide loss, αh, and to increase the solid
hollow interface coupling efficiencies, ki1 and ki2.
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A method to increase the interface

transmission and hollow core loss has been reported [197]. These methods include a fabrication
process that raises the ARROW waveguide out of the plane of the wafer by patterning the solid
and hollow core on top of a silicon pedestal. This causes the termination of the top thick oxide
layer to be below the solid and hollow core of the ARROW waveguide which provides increased
light confinement and higher transmission.

Liftoff methods for PECVD films at the

intersections of the solid and hollow core have been proposed to reduce reflections at the
interface, however fabrication complexity makes this prohibitive. Self aligned methods that
would simultaneously align the solid and hollow core have also been investigated using KOH
etched pedestals however there have been some difficult fabrication challenges. While all of
these methods have the potential to decrease optical losses they each have unique fabrication
limitations that must be overcome before they can be used for integrated ARROW waveguides.

Table 6.1: The optical attenuation by loss mechanism for a complete ARROW sensor platform.

Mechanism

Typical Value

Attenuation

Edge Coupling

ke1 ∙ ke2 = 0.55

45%

αs = 0.6 cm , ls = 0.8 cm

38%

Interface Losses

ki1 = 0.35, ki2 = 0.35

88%

Hollow Core Waveguide Loss

αh = 1.8 cm , lh = 0.4 cm

51%

Solid Core Waveguide Loss

6.3.1

-1

-1

ARROW Optical Characterization
The optical performance of the ARROW platform is the main determining condition for

the success of the ARROW fabrication process. The two most important optical characterization
properties of the hollow ARROWs are the mode profile and propagation loss. Many different
methods have been used to characterize the propagation loss or mode profile of a waveguide,
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including optical time-domain reflectometry [210], prism coupling [206, 211], scattered light
intensity analysis [212], cutback [7], and optically induced particle transport [213]. Optical timedomain reflectometry has been used to characterize the loss of hollow waveguides [214], but this
method requires sophisticated setups and relatively long waveguide sample lengths. Prism
coupling is a technique that uses one or more contact prism couplers to couple the guided beam
out of the waveguide [206, 211]. However, this method requires a complex mechanism to
maintain contact between the prism and the waveguide which can easily damage delicate
ARROW structures and it does not work well with covered waveguides like our ARROWs. The
standard cutback method allows for reliable waveguide loss determination, but it requires
destructive testing of relatively long waveguides due to cleaving limits [7, 214]. With this
technique, the optical power transmission through a long waveguide is measured and repeated as
the waveguide is cleaved to shorter lengths. By plotting the transmitted power versus waveguide
length, the waveguide attenuation can be determined. Despite the drawbacks of the cutback
method, it is the method we most frequently use to characterize new ARROW waveguide
designs since it allows for relatively simple and fast testing of multiple waveguides on a single
chip. An advantage of this method is that it also provides for simple imaging of the mode
profiles. A nondestructive method has been demonstrated for measuring the loss of ARROW
sensor platforms with liquid filled cores using optically induced particle transport [213]. This
method is now frequently used for characterizing liquid core waveguide sensor platforms.
However, it is very complex, time consuming and cannot be used for solid waveguide
characterization. Most recently, a technique has been developed to measure the waveguide
propagation loss by measuring the scattered light intensity along the length of the waveguide.
The optical attenuation can be extracted from this measured data [212]. This method is used to
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determine the loss for both solid and hollow waveguides and is attractive because it allows for
fast, non-destructive testing. Currently, the waveguide losses are initially characterized at BYU
using this scattering method and then later confirmed using the cutback method at UCSC.

6.3.2

Optical Loss Cutback Method
The standard cutback method has been used for a long time as the standard for waveguide

characterization [7]. Our test setup for the cutback method is shown in Figure 6.8.

Figure 6.8: The test setup for the optical characterization of ARROW platforms using the cutback method.

First, laser light at the test wavelength, typically 633 nm, is coupled into an optical fiber using a
60x microscope objective with NA = 0.55. The optical fiber passes through a polarization
controller and is held in place and aligned to the ARROW waveguide by a fiber mount. On the
far side of the ARROW platform, another objective collects the emitted light and couples it into
a detector. Micrometer stages under the fiber mount, ARROW platform, and collecting objective
allow for alignment adjustments to optimize the transmitted power. After rough alignment, the
fine alignment and polarization are adjusted until the power transmitted through the waveguide is
maximized and recorded.

In order to verify the accuracy of the measured power, several

waveguides on the same chip with the same core dimensions are measured for each waveguide
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length. The near field image of the mode profile can also be imaged using a CCD camera in
place of the detector to verify that the ARROW has a single mode profile.

Figure 6.9: A diagram of a cleaved section of the solid core waveguide of the ARROW platform.

Next, one end of the waveguide is cleaved as shown in Figure 6.9, the waveguide is
replaced and realigned in the test platform, and the measurement is repeated.

Using the

measured data for the transmitted power or throughput power percentage, Tp, versus waveguide
length, l, the data is fitted to an exponential curve representing waveguide throughput:

𝑇𝑝 = к𝑒 𝛼𝑤𝑔𝑙 ,

(6.2)

where αwg is the waveguide loss and к = eb represents the waveguide coupling coefficient, and
takes into account the optical power lost at each end of the solid core waveguide.

The

transmitted power is measured and averaged for several waveguides of the same approximate
wavelength to accurately determine the loss and coupling coefficient. By plotting the data and
fitting the data with an exponential on a log scale, the fit function becomes:
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𝑙𝑛�𝑇𝑝 � = 𝛼𝑙 + 𝑏,

(6.3)

where the parameter α is the slope and b is the y-intercept of the fitted line. Solid and hollow
core ARROWs can both be characterized using the cutback method. This is the method most
often used to characterize the loss of solid and hollow core waveguides for lengths of up to 2 cm.
However, it is difficult to measure the loss of hollow core ARROW waveguides filled with water
using this method, since the water evaporates very quickly out of the hollow cores. Because of
this, ethylene glycol was used, which evaporates much more slowly, instead of water for most
early ARROW waveguide loss measurements [21].

While this allowed for accurate

measurement of the optical loss, the ARROW waveguide designs had to be altered for hollow
cores filled with ethylene glycol that has a higher refractive index of n = 1.43.
Another issue with the cutback characterization method is the difficulty of producing
multiple high quality cleaved facets on each of the waveguides. This is particularly difficult
challenge for hollow waveguides because the thin top cladding layers often fracture during
cleaving. Fractured poor quality hollow core cleaves are shown in Figure 6.10(a) and (b) and a
high quality hollow core cleaved facet is shown in Figure 6.10(c). Roughly cleaved facets result
in decreased coupling efficiency and increased variation in the measured loss data.
To date, the cutback method has been reliably used for loss determination with all solid
core ARROW waveguides. For solid core characterization, typically waveguides that are 2 cm
in length and 9, 12, and 15 μm in width are created and tested using the cutback method.
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(a)

(b)

(c)
Figure 6.10: ARROW hollow core cleaved facets: (a) optical microscope picture of poor quality cleaved
facets, (b) an SEM of a poor quality cleaved facet, and (c) an SEM of a high quality cleaved facet.

Figure 6.11 shows the measured throughput power percentage data for several cutback
lengths of solid core waveguides with a 12 μm width. A fitted exponential line was used to
calculate an average loss of 0.871 cm-1 for these solid core waveguides, which is much higher
than simulations have predicted. The excess loss is most likely due to the roughness of the
PECVD layers used to form the waveguide and the sidewall roughness of the etched ridge. With
the current ARROW fabrication process and materials, this roughness is unavoidable. However,
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future improvements in fabrication processes, tools, or materials could allow for the formation of
smoother waveguides.

Figure 6.11: The measured throughput power percentage data (black circles) and fitted exponential (solid red
line) for 12 μm wide solid core ARROWs for several cutback lengths with an average loss of αwg = 0.871 cm-1
[53].

The ARROW waveguides that have been tested with the cutback method and used in this
dissertation have rectangular shaped cores as shown in Figure 6.12 [215]. The overlaid CCD
camera image of the near field guided mode profile, shows that rectangular waveguide
geometries allow for single mode propagation with good optical confinement in the hollow
ARROW waveguide core. This waveguide was fabricated on a silicon substrate with three
periods of alternating SiN and SiO2 cladding layers 93 nm and 270 nm thick both below and
above the core.

SiN layers directly surround the core, and the final SiO2 layer was

approximately 3 mm thick.
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Figure 6.12: An SEM image of a fabricated rectangular shaped hollow core ARROW with an overlaid CCD
camera mode image.

For testing purposes straight ARROW waveguides where fabricated with 9, 12, and 15
μm core widths and core heights of 5 μm. The completed waveguides were filled with ethylene
glycol via capillary action and tested with the cutback method when excited with light at a
wavelength of 633 nm. Experimental and simulated losses are compared and shown in Figure
6.13 [215].
The mode areas shown in Figure 6.14 were determined by measuring the full width at
half maximum (FWHM) of the mode profile, as imaged by a CCD camera at the output facet of
waveguides approximately 3 mm long. The mode area was chosen for this comparison because
it determines the excitation volume in most sensing applications. Figure 6.14 shows that the
measured loss increases as the mode area and core size decreases as was previously predicted
from our simulations in Chapter 2.
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Figure 6.13: Simulated (solid red line) and experimental (solid black line) losses for straight hollow core
ARROWs of different widths [53].

The experimentally determined losses are much higher than those predicted by
simulations using commercial software (FIMMWAVE, Photon Design). One reason that the
theoretical loss is lower is that for actual ARROW waveguides rectangular core is coated with
non-conformal PECVD cladding layers on the top and sides of the waveguide that differ in
thickness. While this effect can largely be compensated for by appropriate layer design, it adds
to design complexity for rectangular devices and can result in increased waveguide losses.
Another reason for the difference between the simulated and measured values is attributed
mainly to surface roughness and scattering in the PECVD SiO2 and SiN cladding layers. Finally,
the rectangular shape of the ARROW hollow core does not couple the rounder fundamental
mode profile from the optical fiber, which also introduces additional waveguide losses [215].
Improvements in ARROW hollow waveguide loss have been made since using advanced
waveguide structures and designs [53].
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Figure 6.14: The simulated (black solid line and circles) and experimental (red solid line and circles)
propagation loss of hollow core ARROWs for different FWHM mode areas [53].

6.3.3

Optically Induced Particle Transport
Another type of optical characterization technique that has been used to measure hollow

core ARROWs is optically induced particle transport.

Radiation pressure has been used

extensively for trapping and manipulating particles and atoms [216], with applications such as
optical tweezers [217] and particle transport through hollow waveguides [47, 218]. Optical
radiation induced particle transport was recently demonstrated as a non-destructive method that
can be used to determine the loss of liquid core ARROW waveguides and is well suited to
measurements with water filled hollow ARROW waveguides [213].

This testing method

requires a complete ARROW platform and test setup as shown in Figure 6.15. Fluid reservoirs
are attached to the chip surface over the open ends of the hollow waveguide and are filled with a
solution of ultrapure water, Triton X, and 1 μm diameter polystyrene spheres (n=1.59, Duke
Scientific) with a concentration of 0.4 particles/nL, which corresponds to less than one particle in
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the hollow waveguide volume. Frequency doubled Nd:YAG laser light at a wavelength of 532
nm is coupled into a single mode fiber and then into the solid core waveguide on the ARROW
platform to provide the radiation pressure. Induced particle motion is observed from above
through a 50x microscope objective setup (0.45 NA) with a 540 nm wavelength long pass filter
and imaged onto a CCD camera. The camera is used to capture images of the particle trajectory
with a temporal resolution of 50 ms and a position accuracy of less than 200 nm. The particle
trajectory is then determined using a particle finding algorithm based on the localized brightness
from optical scattering off of the particle.

Figure 6.15: Optical characterization of an ARROW using optically induced particle transport.

The entire coupling setup is mounted on a translational stage and moved in the image
plane to allow for particle tracking along the length of the waveguide.

For each test

measurement run, a single particle is introduced into the active volume of the hollow waveguide
using pressure induced flow before laser irradiation. After aligning the laser irradiation in the
waveguide, the pressure is then balanced until there is negligible particle drift, and the
waveguide is carefully examined to ensure only a single particle is in the excitation volume. The
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laser light is then turned on and the particle motion is imaged with the CCD camera. By
accounting for the forces involved in this type of particle motion, the particle trajectory versus
time, z(t), can be shown to be:

𝑧(𝑡) =

1

𝛼𝑤𝑔

𝑙𝑛�𝑣0 𝛼𝑤𝑔 𝑡 + 𝑒 𝛼𝑤𝑔𝑧0 �,

(6.4)

where v0 is the initial particle velocity, z0 is the initial particle axial position, and αwg is the
waveguide loss [213]. Using Equation (6.4), the waveguide propagation loss is extracted from
the particle trajectory. By measuring the trajectories of several individual particles for each
waveguide, the average loss has been shown to agree very well with the waveguide loss
determined by other optical loss methods.

Figure 6.16: The experimental data (black circles) and fitted curve (red solid line) for the trajectory of a
particle inside a water filled ARROW waveguide [23].
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Figure 6.16 shows the experimental data and fitted curve for the trajectory of a particle
inside a water filled ARROW waveguide [213]. This ARROW platform had core dimensions of
5 μm x 12 μm and the dielectric layer design described in Appendix B.

The waveguide

propagation loss of αwg = 1.8 cm-1 at a wavelength of 532 nm was determined. This agrees very
well with the previously measured ARROW waveguide platform loss of 1.7 cm-1 [43]. This loss
value is now known to be representative of typical losses for water filled hollow core ARROW
waveguides in the wavelength range of 500 – 700 nm. Using this optically induced particle
transport method, we have another way of reliably and non-destructively measuring the loss of
ARROW sensor platforms with water filled cores. However this method is still to usage with
only water filled hollow core ARROWs.

Gas filled or individual solid core ARROW

waveguides must be optically measured using another characterization technique.

6.3.4

Scattering Light Method
Recently, a scattering light method for characterizing the optical quality of hollow core

ARROWs has been developed at BYU [219]. The scattering light method uses a CCD sensor to
image the ARROW waveguide platform and propagation losses due to multiple waveguide
sections, overall chip throughput, and interface transmissions can be calculated. Due to its
simplicity, this method is an attractive alternative to the cutback method because it is fast, nondestructive, inexpensive, and reproducible.
Assuming that the scattered light is proportional to optical power confined within the
waveguide, and that absorption and radiation losses are negligible [7], images can be used to
capture the attenuation of scattered light, thereby characterizing all of the waveguide losses [199,
220]. The same ARROW platform, loss mechanisms, and setup shown in Figure 4.5 are used
and the overall throughput or transmission is still represented by Equation (6.1) for the scattering
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light method. By imaging each section of the liquid core ARROW, values for αs, αh, ls, and lh
can be determined. Because the imaging does not measure the light entering and exiting the
waveguide, the coupling efficiencies κe1 and κe2 can be neglected. An on chip transmission T
excluding coupling efficiencies is measured, allowing κi1 and κi2 to be solved for analytically.
Therefore, the complete ARROW waveguide can be optically characterized in one measurement.
Figure 6.17 shows the experimental setup that is used for waveguide optical
characterization. After aligning the sample using a 3D precision stage, single mode, 633 nm
wavelength, optical fiber is used to couple a guided mode from a 650 nm laser diode into the first
solid core.

Figure 6.17: Experimental setup used for the scattering light imaging method to characterize the optical
quality of ARROW hollow waveguides.

As light propagates through the waveguide, it is scattered upward due to the inherent leaky mode
nature of the waveguides, as well as surface roughness and defects in the thin dielectric films that
form the waveguide cladding layers. A 3.34 megapixel CCD sensor (Nikon Coolpix 995)
attached to a 30x microscope was used to image the scattered light.
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After the ARROW waveguide has been imaged, software tools such as the image
processing toolbox in MATLAB can be used to plot and extract information about scattered light
intensities versus position. As light propagates along the waveguide the transmitted power can
again be described by Equation (6.2) and (6.3). Figure 6.18(a) shows an image of an actual
hollow core ARROW that is filled with water and is 4 mm in length. The length of the liquid
core is measured and recorded, as well as any scattering singularities such as the solid to liquid
core waveguide interfaces. The resulting MATLAB plot of the intensity data for the length of
the ARROW hollow core is shown in Figure 6.18(b). The subset of pixel intensities used for the
calculation of the hollow core loss, αh, is shown as a blue solid line. The resulting linear least
squares fit is plotted as a red solid line and the extents of the liquid-core waveguide portion are
shown as black vertical bars. The process is then repeated with images centered on the solid core
waveguides to calculate the solid core loss, αs.

(a)

(b)

Figure 6.18: (a) An optical microscope image of the scattered light down the length of an ARROW device and
(b) the associated CCD scattered light intensity vs. waveguide position data (blue solid line) and linear fit (red
solid line). The extent of hollow core ARROW is denoted by vertical black lines [219].
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After this method is used to calculate the loss coefficients for each of the various
waveguides on the chip, the overall throughput of any waveguide can be found by examining the
ratio of powers from the beginning of the waveguide to the end. Once the propagation losses in
both types of waveguide and the total device throughput are known, the interface transmissions
κi1 and κi2 can be solved for analytically using Equation (6.1). Figure 6.19 shows the simulated
(red solid line) and experimental (black solid line) propagation loss for different solid core
waveguide widths. It can be seen from that the loss decreases as the width of the solid core
decreases which is consistent with our earlier simulations.

Figure 6.19: Loss through a solid core ARROW that is 1 cm long for different waveguide widths using the
scattering method.

Using this scattering image method the average ARROW solid core loss was 0.52 cm-1
with a standard deviation of 0.36 cm-1 for 12 μm wide waveguides. The average hollow core
loss was 3.29 cm-1 with a standard deviation of 1.31 cm-1 for 12 μm x 5 μm hollow core
waveguides filled with water. The average interface transmission across the set of devices was
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calculated using Equation (6.1) to be 56%.

Because of the many advantages optical

characterization using the scattering method, it is commonly used at BYU to determine the initial
optical quality of ARROW platforms before they are sent to UCSC for further optical testing.
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7

7.1

INTEGRATED NANOPORE AND ARROW PLATFORMS

Integrated Nanopore and ARROW Platform Introduction
This chapter concentrates on the modification of ARROW platforms to include

nanotechnologies for sensitive detection of nanoparticles using fluorescence and Raman
scattering methods.

Specifically, the fabrication methods and measurements of ARROW

platform integrated with nanometer sized openings (nanopores) are described in detail.

A

nanopore is a nanometer sized opening in a thin membrane which separates two compartments
filled with an electrolytic solution as shown in the three insets in Figure 7.1.
When voltage is applied across the membrane, the nanopore will act as a channel for
ionic flow of the electrolytic solution from one compartment to another. This flow of the
electrolytic solution can be measured as an ionic current with a sensitive ammeter. When
nanoparticles in the electrolytic solution are introduced into one of the compartments they move
by drift and diffusion to the nanopore opening. They are then able to translocate the membrane
through the nanopore into the adjacent compartment on the other side of the membrane. The
translocation of the nanoparticle through the nanopore causes the ionic current flow of the
electrolytic solution to be reduced while the nanoparticle is translocating the nanopore. This is
measured as a drop in the ionic current for the duration of time that the nanoparticle translocates
the nanopore.
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Figure 7.1: The characteristic ionic current blockade signal with three inset diagrams showing how
translocation of the nanoparticle through the nanopore corresponds to each section of the ionic current
blockade signal.

An example of the characteristic ionic current signal that is expected when a nanoparticle
translocates the nanopore is shown in Figure 7.1.
The ARROW platforms have been utilized for many different applications, however, the
inclusion of a nanopore into an ARROW platform represents a significant advancement in
optofluidic integration targeted at single nanoparticle analysis.

Biological and solid state

nanopores have been fabricated using various techniques and successfully used to measure single
nanoparticle signatures in electrical current blockade tests [221].
For example, biological nanopores that spontaneously insert themselves in lipid
membranes have been created using the α-haemolysin protein. Kasianowicz et al. showed that
an electric field biased at 100 mV providing a continuous current of ~100 pA can drive single
stranded RNA and DNA molecules through a 2.2-nm diameter α–hemolysin ion channel in a
lipid membrane [222]. Besides the well defined size of biological nanopores an additional
advantage is its low noise levels (1.2 pA at a 5 kHz bandwidth). This is a much lower noise level
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than can be realized with solid state nanopores. However, some disadvantages of biological
nanopores are that they are fragile, they only last a few hours typically [28, 223], and the sizes of
the pores are fixed. This provides for very repeatability of experimental results, but does not
allow for measurement of a larger range of size of particles. These limitations can be overcome
to a degree by using molecular adaptors [224] or other protein pores [225]. However, the best
way to overcome these limitations is using solid state nanopores.
Nanopores fabricated from solid-state materials have been shown to be more
mechanically and chemically stable and their sizes can be adjusted for specific applications.
Heng et al. have made solid-state 1.2 nm diameter nanopores by sputtering a 30 nm thick Si3N4
membrane using a high-energy focused electron beam, however low etch rates limit the thickness
of the membrane for this method [226]. By applying an unfocused ion beam, Li et al. were able
to reduce the diameter of a 100-150 nm nanopore sputtered in a Si3N4 membrane with a highenergy Ar+ beam to 5 nm. The membrane separated two compartments biased at 120 mV with a
constant ionic current of 1.66 nA through the nanopore that they used to measure the diffusion of
double-stranded DNA [227]. Additionally, Storm et al. have also used a high-energy electron
beam to reduce the diameter of a 20 nm nanopore etched in 10 nm thick SiO2 membrane to 2 nm
[24]. Allen et al. formed 50-200 nm nanopores in SiN membranes by focused ion beam drilling
in combination with ion beam assisted thin film deposition [228].

Siwy et al. used

electrochemical etching to create conical nanopores with diameters a small as 2 nm at the
aperture of the cone tip in circular polyethylene ter-ephthalate (PET) foils [229]. Nanoparticle
detection and analysis in each of these cases was done electrically by measuring ionic current
changes as a particle passed through the nanopore.
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Optical fluorescence is another primary method used to analyze small numbers of single
particles [8]. Fluorescence is used to study molecular phenomena and interactions such as DNA
structural rearrangements [10, 11], ribosome kinetics [12], and protein conformational dynamics
[9, 230, 231]. Some examples of conventional fluorescence detection and analysis techniques
include epifluorescence [8]], confocal microscopy [8], evanescent field sensors [232], and
fluorescence correlation spectroscopy [178, 233]. However, typical analysis schemes are based
on bulky microscopy instruments, therefore, an integrated ARROW fluorescence platform which
uses planar waveguides for analysis is an attractive approach to reduce cost, time, analyte
volumes, and device size (~1 cm2). Figure 7.2 shows an example of a fluorescence intensity plot
as that is generated when nanoparticles are illuminated with a laser source. The resulting
fluorescence signals from the fluorescing nanoparticles are the blue spikes with example
fluorescing nanoparticles above them with the blue and red background.

Figure 7.2: An example of a fluorescence intensity plot as that is generated when nanoparticles are
illuminated with a laser source. The fluorescence signals from the nanoparticles are the blue spikes beneath
the example blue and red background nanoparticles.
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The motivation for combining nanopores with ARROW platforms in this work is the ability to
correlate electrical current blockade and optical fluorescence signals providing sensitive
nanoparticle detection. However, in order to use the ARROW to perform fluorescence analysis
it is important that the fabrication techniques for the integration of the nanopore do not
significantly alter the optical properties and structural integrity of the waveguide. The integrated
nanopore and ARROW theory and fabrications approaches that we have used are discussed in
detail in the following sections.

7.2

Integrated Nanopore and ARROW Fabrication
Figure 7.3 shows the functionality of a micropore and nanopore integrated with a hollow

ARROW analysis platform.

The integration with nanopores poses a unique challenge in

integrated optics because ARROWs are constructed of dielectric layers that are a total of several
micrometers thick and have a non-flat geometry. This makes it difficult to controllably mill
nanopores with diameters of 25 – 100 nm through a complete dielectric stack. In order to
provide a thinner starting layer, a micrometer sized pore (micropore) was first etched into the
ARROW. The micropore exposed a thin SiN layer directly above the hollow core of the
ARROW that a nanopore was milled into. A zoomed in view of the micropore, nanopore, and
the thin SiN layer are shown in Figure 7.3(a). The hollow core ARROW, the intersecting solidcore waveguides at the ends and middle of the hollow-core ARROW and the location of the
micropore and nanopore are shown in Figure 7.3(b). The geometry of the hollow core and solid
core waveguides has been used in earlier experiments [58]. Fluorescence detection takes place
when fluorophores are excited by the solid core waveguides intersecting the hollow core
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waveguide. Placing a micropore/nanopore feature directly above the hollow core ARROW will
allow for control of particles entering the detection region.

Figure 7.3: A cross sectional diagram of a micropore/nanopore integrated with the ARROW hollow core
waveguide lab-on-a-chip platform.

7.2.1

Micropore and ARROW Fabrication
As mentioned before it is necessary that the fabrication of the nanopore does not

significantly alter the optical characteristics of the ARROW waveguide platform. However, in
order to fabricate nanopores it is necessary to firs create a micropore feature. Figure 7.4 shows
how fabrication of the micropore fits within our established ARROW fabrication process [40,
58]. Figure 7.4(a) shows the deposition of a 2 µm layer of thermal oxide that provides isolation
from the silicon wafer. Alternating layers of SiO2 and SiN that form the bottom part of the
hollow waveguide were deposited using Plasma Enhanced Chemical Vapor Deposition
(PECVD) at thicknesses dictated by the ARROW guiding condition [58, 234], are also shown in
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Figure 7.4(a). The PECVD SiN was grown with a mixture of 5% silane in helium (SiH4/He) and
ammonia (NH3), at 250°C, 70 Watts of RF power, and 1 Torr. The PECVD SiO2 was grown
with a mixture of 5% silane in helium (SiH4/He) and nitrous oxide (N2O), at 250°C, 23 Watts,
and 600 mTorr. A patterned and reflowed rectangular SU8-10 [58] photoresist core is shown in
Figure 7.4(b). The SU8 photoresist core was used as a sacrificial material that was removed in
later processing steps that formed the hollow part of the waveguide. Figure 7.4(c) shows the first
SiN ARROW layer that was deposited over the SU8-10 core. Nanopore features were milled
into this SiN layer in later processing steps that will be described in following sections.
The deposition and patterning of a chrome square etch stop feature is shown in Figure 7.4(d).
The etch stop feature is an 8 μm x 8 μm, 200 nm thick chrome square that was fabricated using a
liftoff technique. The chrome etch stop feature keeps the SiN layer below it intact during a
subsequent reactive ion etching (RIE) that forms the micropore.
Figure 7.4(e) shows the remaining ARROW SiO2 and SiN layers that were deposited to
form the top and sides of the hollow waveguide. The introduction of the chrome etch stop
feature does not change the process requirements for the remaining ARROW layers. The total
thickness of these layers is 5 µm. The micropore etch mask that was patterned and aligned
directly over the chrome etch stop feature is shown in Figure 7.4(f). This was accomplished by
patterning a 4 µm x 4 µm SU8-3005 square directly on top of the hollow waveguide. A 200 nm
layer of chrome was deposited over the SU8-3005 squares and then the wafer was placed in acid
that lifted off the chrome over the SU8-3005 squares. Figure 7.4(g) shows the ARROW hollow
waveguides after the micropore etch was completed and the micropore etch mask was removed.
The chrome etch stop feature at the bottom of the micropore was removed using a wet chrome
etchant, leaving the underlying SiN membrane exposed.
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Finally, Figure 7.4(h) shows the ARROW after the rectangular SU8-3005 photoresist
core was removed in a Piranha Solution ((1:1) (H2O2:H2SO4)) at 130°C, forming the
waveguide’s hollow core which can be subsequently filled with liquids and test particles.

Figure 7.4: The fabrication flow diagram of the process of creating a micropore in a hollow ARROW
waveguide.

7.2.2

Micropore Etching Process
Etching a micropore into the top layers of an ARROW allowed us access to the SiN layer

over the core where a nanopore could be milled. The most important consideration during the
micropore etch was keeping the relatively thin SiN layer intact. Initially a timed RIE etch
process was used to etch the through the top PECVD layers and expose the SiN layer over the
hollow core of the ARROW. However, because of varying RIE etch rates and the relatively thin
132 nm SiN layer it was difficult to produce reliable results and this method was abandoned.
Next, we tried to optically measure and control the RIE etch depth of the top PECVD layers. It
was thought that this could be accomplished by observing changes in the spectrum intensity of
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the RIE plasma as alternating layers of SiO2 and SiN were etched using a miniature fiber optical
spectrometer (Ocean Optics).

Figure 7.5 shows a typical spectrum intensity plot that was

obtained using this method.

Figure 7.5: The spectrum intensity plots for RIE etches of the top SiN and SiO2 PECVD layers of an ARROW
platform that shows random spectrum behavior.

The spectrum is for an RIE etch process that was used to etch through the alternating top SiN and
SiO2 layers of an ARROW platform. This spectrum and difficult to use to monitor and choose
the correct place to stop the RIE etch process because it does not exhibit and kind of predictable
trending. Because of the variation in measurement using this method, it was determined that it
was not possible to reliably use it to etch the top PECVD layers of the ARROW while preserving
the SiN layer above the hollow core.
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Finally, we determined that depositing a etch stop layer over the SiN layer was a more
reliable and higher yield approach to cover and protect the SiN layer than using a timed or
optical spectrum RIE etch process.

While the fabrication of this etch stop feature was

straightforward, we had to select a material that was not sputtered away during the micropore
RIE etch process. The micropore RIE etch process was performed using an Anelva RIE DEM451, 13.56 MHz system employing tetrafluoromethane (CF4). The CF4 gas was chosen primarily
for its high selectivity etching of SiO2 and SiN films.

Table 7.1: The average RIE etch rate (nm/min) for a set of possible etch stop materials [23].

Material

Average Etch Rate (nm/min)

SiO2
AZ3330

111
107

SU8-3005

255

Aluminum

3.65

Nickel

1.48

Titanium

0.97

Chrome

0.60

Six different materials were investigated as possible etch stop candidates: chrome, titanium,
aluminum, nickel, positive photoresist AZ3330, and negative photoresist SU8-3005.

Our

selection criteria were based on the materials RIE etch rate selectivity. Table 7.1 shows that
titanium and chrome both have very low etch rates under the conditions used for etching through
SiO2 and SiN layers. While specific etch rates will vary for different RIE machines and etch
conditions, we expected the general trends to hold for fluorine based etches. Chrome was chosen
for the production of micropores because it had a highest RIE etch selectivity and it was
straightforward to pattern and remove in a commercially available wet etchant.
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Figure 7.6 shows two scanning electron microscope (SEM) images of micropores etched into
ARROWs. A zoomed out view that also shows the intersection of a solid-core waveguide with a
hollow core waveguide is shown in Figure 7.6(a). The smooth (5 nm RMS measured by a Vecco
Dimension 3100 Atomic Force Microscopy with a 1 μm x 1 μm scanning region) flat SiN
membrane surface at the bottom of the micropore is shown in Figure 7.6(b).

(a)

(b)

Figure 7.6: SEM images of (a) An intersection of a hollow and solid core waveguide and a micropore on the
ARROW hollow waveguide and (b) a top view close up of micropore [23].

7.2.3

Micropore Optical Loss Measurement and Characterization
An important question was whether the micropore feature would lead to deterioration in

the optical guiding properties if it was placed in the collection section of the ARROW hollow
core waveguide. Theoretically the size of the micropore is small enough (4 µm x 4 µm) that any
additional optical losses it introduces in the modified layer structure of the ARROW will not
have a significant effect on the total optical throughput. For example, even if the micropore had
introduced a high loss of 100 cm-1, only 4% of the optical power would be lost because of the
small dimensions of the micropore (4 µm x 4 µm) site. While low loss in the section of the
ARROW with the micropore site was confirmed with a commercial mode solver program
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(Photon Design), losses in realized devices can differ, for example, by design layer thickness
deviations, transitions from multiple to single layers, and wall roughness. The optical loss was
measured by observing optically induced motion of dielectric particles (1 μm diameter, n~1.59,
Duke Scientific) in the hollow core waveguide [213].

The test configuration for the loss

measurements is shown in Figure 7.7(a).

(a)

(b)

Figure 7.7: (a) The setup used to perform the particle pushing experiment to measure optical loss. (b) Axial
particle position versus time for an experimentally observed particle trajectory (circles) in an ARROW with a
micropore/nanopore site, the calculated trajectory in an ARROW without a micropore/nanopore site (solid
line), and the calculated trajectory in an ARROW with a micropore/nanopore site loss of 100 cm-1 loss
(dashed line) [23].

A particle in the reservoir entered the ARROW hollow core waveguide where an
Nd:YAG laser (Power = 12 mW) optically induced motion of the particle. The particle was
optically pushed down the length of the waveguide and passed the micropore site. The particle
location was observed perpendicular to the chip plane through a microscope (0.5 NA, 50x) and a
tracking program was utilized for analysis. Figure 7.7(b) shows the experimentally observed
trajectory (circles) of a particle in an ARROW that had a micropore/nanopore site, the calculated
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particle trajectory that did not have a micropore/nanopore site (solid line), and the calculated
particle trajectory that had a micropore site with a loss of 100 cm-1 (dashed line). As can be
seen, the trajectory without a micropore site (solid line) is not measurably different, within
experimental error, from the trajectory with a site of 100 cm-1 loss (dashed line). Additionally,
the observed trajectory closely resembles the calculated trajectory without a micropore site.
Therefore, the results indicate the additional loss introduced by the micropore is not significant.

7.2.4

Nanopore Fabrication
The next step after the micropore has been successfully etched in the ARROW top layers

using the RIE process is to mill the nanopores using a focused ion beam (FIB) method
commonly referred to as ion beam sculpting [ref]. We use a dual-beam FEI Strata DB 235 FIB
that has a 30kV accelerating voltage for liquid Ga+ ions and current apertures ranging from 1 pA
to 20 nA. Using this method the nanopore is milled with the FIB into the thin SiN membrane
which lies at the bottom of the micropore.

A circle mill pattern is used where the mill

parameters are: beam current of 10 pA, size of 1 nm (spot mill), milling time of 2 s, and the
material selected is silicon. These parameters provide a good initial starting point and will
typically produce a nanopore with dimension of 50 – 100 nm in diameter. Prior to milling the
actual nanopore these parameters must be characterized by adjusting the focus and stigmatation
of the ion beam to achieve a conically shaped nanopore of the correct dimensions.

This is

usually done using SiN TEM grids or test characterization SiN membranes created elsewhere on
the wafer for these characterization purposes. For larger nanopores where the desired diameter is
on the order of 150 nm or greater the parameter characterization process is not as stringent and
test nanopores are usually calibrated on the top oxide layer before they are milled. After the
initial nanopore has been milled the micropore and nanopore system is complete as shown in
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Figure 7.8, however, further processing is usually performed to tune the size and shape of the
nanopore for testing of specific nanoparticles of interest.

(a)

(b)

Figure 7.8: SEM images of (a) a side view and (b) top view of an RIE etched micropore with a FIB milled 200
nm nanopore.

7.2.5

Nanopore Size Tuning
The size of the nanopore can be further tuned or shrunk to precise dimensions using a

Ga+ ion FIB process with low currents and dosages. The only limitations on this process are the
resolution capabilities of the SEM tool being used to measure and observe the nanopore size.
Since SEM tools have an intrinsic resolution limit of ~5 nm it would be advantageous to use
another form of microscopy such as TEM. However, this is not feasible because it would require
the removal of the ARROW optofluidic channel on the backside of the nanopore so that
electrons could be transmitted to a detector. Additionally, the typical size of the ARROW
optofluidic platform (~1 cm2), is larger than the dimensions of a typical TEM holder, which
would make it difficult to load in a TEM chamber.

226

In order to tune or shrink the size of the nanopore, an area of 5 – 10 μm2 is continuously scanned
with an unfocused ion beam. The typical parameters for the ion beam during tuning are: a
magnification of 25 – 100 kx, a beam current of 10 – 100 pA, a frame rate of 1.5/s, and a voltage
of 30 kV. While many other parameter settings are possible, generally lower dosages lead to
slower more controllable shrinking rates.
Several theories of nanopore size tuning have been proposed, however, the theory that we
agrees best with our results and that we will used in this work has to do with the change in
surface free energy of the nanopore [24]. This theory suggests that the shrinking and growing of
the nanopores in SiO2, and as it was later confirmed SiN, is governed by surface tension of the
disrupted liquefied membrane SiO2 or SiN material.

The actual shape of the nanopore is

typically a slightly conical shape however it is commonly modeled as a cylinder. By modeling
the nanopore as a cylinder the change in the surface free energy compared to the intact
membrane is:

∆𝐹 = 𝛾∆𝐴 = 𝜋𝛾�𝑑𝑝 𝐿𝑝 − 1/2𝑑𝑝2 �,

(7.1)

where γ is the surface tension, ∆𝐴 is the change in surface area, 𝑑𝑝 is the radius of the nanopore,

and 𝐿𝑝 is the length of the nanopore or thickness of the membrane. Taking the first derivative of

Equation (7.1) with respect to 𝑑𝑝 and equating it to zero we find that the critical diameter of the
nanopore is:

𝑑∆𝐹
𝑑𝑑𝑝

=

2�
𝜋𝛾�𝑑𝑝 𝐿𝑝 − 1/2𝑑𝑝

𝑑𝑑𝑝

= 𝜋𝛾�𝐿𝑝 − 𝑑𝑝 � = 0,

(7.2)
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and the critical diameter is then given by:
(7.3)
𝐿𝑝 = 𝑑𝑝 .
At low dosages the ion beam displaces the silicon nitride atoms but does not have enough energy
to sputter them into the vacuum chamber where they would be removed. The nanopore is then
able to lower its surface energy when 𝐿𝑝 ≥ 𝑑𝑝 by transporting these silicon nitride atoms to the
nanopore which begins to fill in and decrease its diameter. At high dosages the ion beam

sputters away the silicon nitride atoms from the membrane where they are transported out of the
system by the vacuum chamber. In this case, the nanopore is able to reduce its surface energy
when 𝐿𝑝 < 𝑑𝑝 by increasing its diameter. For our nanopore experiments we found that the

dependency of critical diameter for the nanopore shrinking and growing is related to the
thickness of the membrane by:

1.1𝐿𝑝 = 𝑑𝑝 .

(7.4)

Typically, 150 nm was the maximum diameter of a nanopore that would still shrink in a 132 nm
silicon nitride membrane, which is in good agreement with the theoretical prediction in Equation
(7.3). Figure 7.9 shows how a 100 nm nanopore can shrink or grow depending on the thickness
of the membrane it is milled in.
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(a)

(b)

(c)

Figure 7.9: SEM images an example of a nanopore that (b) initially was a 100 nm x 150 nm nanopore, (a) was
shrunk to 20 nm in a 200 nm membrane, and (c) was grown to 500 nm in a 100 nm membrane [27].

To characterize the FIB shrinking of a nanopore so that the initial nanopore in the SiN can be
shrunk, typically an array of six nanopores with an average diameter of about 150 nm was drilled
in a 200 nm LPCVD SiN membrane TEM grid as shown in Figure 7.10.

Figure 7.10: Array of six identical 150 nm pores in a 200 nm LPCVD SiN membrane in a TEM grid [27].
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Using the same FIB process as described above these nanopores were gradually shrunk down to
the 11-17 nm range by scanning around the nanopore area. Figure 7.11 shows SEM images of
the shrinking of one of these 200 nm nanopores to 20 nm. The nanopore on the right is being
shrunk while the nanopore on the left remains the original size.

(a)

(b)

(c)

(d)

Figure 7.11: SEM images of selective shrinking of a 200 nm nanopore. The nanopore on the remains the
same size, while the nanopore on the right shrinks to 20 nm [23].

As it can be seen from Figure 7.10 and Figure 7.11, the nanopores are typically asymmetrical
because of the difficulty of removing astigmatism from the ion beam as such low resolutions.
The width and length typically converges during the shrinking process and the nanopore
becomes more symmetric as shown in Figure 7.12. The linear fits in Figure 7.12 were used to
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calculate the shrinking rates of the nanopores to be 3 nm/scan for the nanopore length (solid red
line) and 1.5 nm/scan for the nanopore width (solid black line). This supports and is predicted
by surface free energy minimization theory suggested earlier [24].

Figure 7.12: The measured and fitted change in the length (red circles and red solid line) and width (black
squares and black solid line) of the nanopore for successive scans during the shrinking process [27].

Figure 7.13 shows the shrinking of an actual nanopore created in a SiN member at the bottom of
a micropore in an ARROW platform.

(a)

(b)

(c)

Figure 7.13: SEM images that show the size of a nanopore being reduced from 100nm to 20nm after a series
of FIB scans [23].
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Using the FIB calibration processes and parameters described above we were able to shrink a
nanopore with an initial size of 100 nm to 20 nm after a series of successive FIB scans.

7.2.6

Nanopore Shape
For our nanopores, which typically have a diameter of 10 – 200 nm, we have found that

the shape of the nanopore is slightly conical as shown in Figure 7.14, and can usually be
approximated to be cylindrical [235].

Figure 7.14: An SEM image at a 10° tilt angle of a conical shaped nanopore milled with the FIB process
described earlier [27].

7.3

Integrated ARROW and Nanopore Sensing Platform
After demonstrating the ability of solid state nanopores to be successfully integrated with

ARROW hollow waveguide optofluidic platforms, experiments were designed and performed to
confirm that the nanopores could be used as sensitive single nanoparticle sensors. Specifically,
ionic current blockading tests were performed to demonstrate the ability of the nanopores to act
as electrical gates and mechanical filters for nanoparticle entry into the ARROW hollow
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waveguides.

Fluorescence experiments were then subsequently performed on the single

nanoparticles that were introduced into the ARROW hollow waveguide to gain sensitive optical
information about single nanoparticles.

7.3.1

Ionic Current Blockading Theory
To begin, the theory of how an integrated nanopore and ARROW can be used to measure

ionic current blockade events or signals is described A diagram of an ARROW with an
integrated solid state nanopore is shown in Figure 7.15. The central reservoir, marked as 2,
serves is the point of analyte introduction into the S shaped hollow ARROW waveguide. An
applied voltage across reservoirs 1 and 2 or 2 and 3 moves the particles through the nanopore
into the hollow waveguide. The resulting current is monitored by a sensitive ammeter and the
resulting ionic current blockade signatures signify particle translocations through the nanopore.
This model of current blockading will be used and referred to throughout this section.

Figure 7.15: The ARROW platform with an integrated solid state nanopore. (a) The S-shaped ARROW
hollow core channel and zoomed in view are shown. Three fluidic reservoirs are used to introduce the buffer
and analyte into the ARROW hollow core channel. The nanopore is integrated under the central reservoir
(number 2). During the experiment nanoparticles are pipetted into the nanopore reservoir (number 2) and a
voltage is applied across the ARROW hollow core channel and nanopore. Ionic current blockades are
recorded in a voltage patch-clamp mode by a sensitive ammeter.
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7.3.2

The Nanopore and ARROW Hollow Channel Ionic Current Blockading Model
Using this basic setup described in the previous section, it is necessary to create a model

for the behavior of the ionic current blockading of the integrated nanopore and ARROW
platform that we can use to verify experimental results.

We first examine the electrical

resistance characteristics of the ARROW hollow channel and nanopore system.

This is

important because the resistance of the system given applied voltage will determine the ionic
current of the system and the decrease in ionic current as a nanoparticle translocates the
nanopore. The lumped parasitic capacitances of the nanopore membrane have approximately
infinite resistance at DC applied voltages. This means that all the current will flow through the
linear resistors which are the nanopores, ARROW hollow channels, and contacts. Because we
have assumed perfect insulation from the substrate, the resistance of the system during
experimentation can be modeled by the first approximation of a series of resistances for different
elements as shown in Figure 7.16.

Figure 7.16: A first approximation model of the resistance of the ARROW hollow channel platform
integrated with the nanopore. Rc1 and Rc2 are contact resistances between the reservoirs and the platform,
Rmp is the resistance of the micropore, Rp is the resistance of the nanopore, and Rch is the ARROW hollow
channel resistance.

However, the nanopore and ARROW hollow channel provide the only significant resistances,
while the other elements can be neglected during analysis. Therefore, the total system resistance
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is modeled as 𝑅𝑠𝑦𝑠 ≈ 𝑅𝑐ℎ + 𝑅𝑝 .

Because the resistance of the system is based upon the

resistance of the channel and nanopore the voltage drop across the nanopore is:

𝑉𝑝 = 𝑉𝑎 𝑅

𝑅𝑝

𝑝 + 𝑅𝑐ℎ

,

(7.5)

where 𝑉𝑎 is the applied voltage across the entire system. This leads to a lower effective electric

field within the nanopore region so that for nanopores in the range of 100 – 150 nm, 𝑉𝑝 is only
25% of 𝑉𝑎 . This has important implications that will be examined later in this section, but first

we will examine the resistance of the nanopore, 𝑅𝑝 , and ARROW hollow channel, 𝑅𝑐ℎ , in more

detail. The resistance of the solid state nanopore can be approximately modeled as the resistance
of a non-conducting truncated cone, as shown in Figure 7.17.

(b)

(a)

Figure 7.17: A conical nanopore model. (a) An SEM image of the FIB milled nanopore and (b) A nanopore
model with characteristic dimensions where 𝑳𝒑 is the length of the nanopore, 𝑫𝒕 is the diameter of the top of
the cone, 𝑫𝒃 is the diameter of the bottom of the cone, and 𝝆∗ is the resistivity of the nanopore surface and
buffer solution.
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The resistance is estimated to be:

𝐿

𝑅𝑝 = ∫0 𝑝

𝜌∗

𝐷 −𝐷
𝐷
𝜋� 𝑏 𝑡 𝑥+ 𝑡 �
2𝐿𝑝

2

2

𝑑𝑥 =

4𝜌∗ 𝐿𝑝

𝜋𝐷𝑏 𝐷𝑡

,

(7.6)

where 𝜌∗ is the resistivity of the nanopore surface and solution, 𝐿𝑝 is the length of the nanopore,

𝐷𝑡 is the diameter of the top of the cone, 𝐷𝑏 is the diameter of the bottom of the cone. The

resistivity of the nanopore surface and solution is lumped into the term ρ*, however, we can
further specify ρ* as [236]:

4𝜎

−1

𝜌∗ = �(𝜇𝐾 + 𝜇𝐶𝑙 )𝑛𝐾𝐶𝑙 𝑒 + 𝜇𝐾 𝐷 � ,
𝑝

(7.7)

where μK and μCl are the mobilities of potassium and chlorine respectively, nKCl is the
concentration of electrolyte which is monovalent potassium chloride, σ is the surface charge
density of the nanopore walls, and Dp is the nanopore diameter when we make the approximation
that Db ≈ Dt for a cylindrical approximation of the nanopore. The first term in Equation (7.7)
describes the bulk electrolyte conductivity of the nanopore channel and can usually be
disregarded. However, the second term in Equation (7.7) describes the surface conductivity and
provides a significant contribution to the total conductance of the nanopore and the entire
ARROW hollow channel and nanopore system for the types of nanopores and salt concentrations
used in our experiments. This can be verified using values from the literature where σ = 100
mC∙m-2 [237, 238] for silicon nitride membranes, μK = 7.616∙10-8 m2V-1s-1, and μCl = 7.909∙10-8
m2V-1s-1 [236]. For these values we have found that for a 150 nm nanopore and 10 mM KCl
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buffer solution the surface conductivity is 1.4 times larger than bulk electrolyte conductivity of
the nanopore. For the case where the nanopore is approximated to be a cylinder, Equation (7.6)
can be further simplified to be:

𝑅𝑝 =

4𝐿𝑝 �(𝜇𝐾 + 𝜇𝐶𝑙 )𝑛𝐾𝐶𝑙 𝑒+ 𝜇𝐾
𝜋𝐷𝑝2

4𝜎
�
𝐷𝑝

−1

(7.8)

.

If we are using a 100 nm diameter nanopore milled in a 132 nm thick silicon nitride membrane
filled with a 10 mM KCl buffer solution, the resistance of the nanopore can then be calculated to
be:

𝑅𝑝 =

4∙132∙10−9 ��7.616∙10−8 + 7.909∙10−8 �∙6.022∙1024 ∙1.6∙10−19 + 7.616∙10−18
𝜋(150∙10−9 )2

−1
4∙0.1
�
150∙10−9

= 21.18 𝑀𝛺.

(7.9)

However, because the nanopore is not the only resistance component in the system we must also
be concerned with the resistance of ARROW hollow channel. The length of the ARROW
hollow channel is typically about 5.6 mm between the nanopore and the waste reservoir and it
has a cross sectional dimension of 5 μm x 12 μm or cross sectional area of 60 μm2. Because of
the ARROW hollow channel’s relatively large cross sectional area the surface resistivity of the
channel is negligible compared to the bulk electrolyte resistivity and is usually neglected when
calculating the channel resistance. Using this simplification and assuming that we are using a 10
mM KCL buffer solution, the resistance of the channel is,
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𝑅𝑐ℎ =

𝜌𝑏 𝐿𝑐ℎ
𝐴𝑐ℎ

=

[(𝜇𝐾 + 𝜇𝐶𝑙 )𝑛𝐾𝐶𝑙 ∙𝑒]−1 𝐿𝑐ℎ
𝐴𝑐ℎ

5.6∙10−3

0.15∙5∙10−6 ∙12∙10−6

= 624 𝑀𝛺,

(7.10)

where 𝜌𝑏 is the bulk electrolyte resistivity of the channel, 𝐿𝑐ℎ is the length of the channel, and

𝐴𝑐ℎ is the cross sectional area of the channel. From Equation (7.10) and (7.9) we can determine
that when the nanopore is relatively large the channel resistance mainly influences the resistance

of the overall system. The minimization of the ARROW hollow channel resistance with respect
to the nanopore resistance is essential to achieving ionic current blockade signals that have
measurable amplitudes and this will be discussed in the next section. For this reason it is useful
to calculate an estimate of the diameter at which the nanopore resistance is comparable to the
ARROW hollow channel resistance. In order to do this we must determine the quantities of the
overall system that are flexible and can be varied to increase the nanopore resistance or reduce
the ARROW hollow channel resistance. During fabrication of the nanopore there are several
quantities that are fixed such as the thickness of the silicon nitride membrane Lp, the cross
section and length of the channel Ach and Lch. The only flexibility is in the choice of the buffer
solution concentration and nanopore diameter. Those, of course, are also semi-fixed parameters
since the buffer solution for biological particles like ribosomes is typically also very specific in
terms of components and concentrations and the nanopore diameter must be tuned to a certain
size that only allows single nanoparticle entry. Fixing all the parameters except the nanopore
size and the buffer solution concentration we can determine the boundary where the ARROW
hollow channel or the nanopore resistance will dominate the overall system resistance by:

𝑑𝑝 =

2��𝑔𝑏2 𝐿𝑝 𝐴𝑐ℎ + 𝜇𝑘 𝜋𝜎𝐿𝑐ℎ − �𝜋𝐿𝑐ℎ 𝜇𝑘 𝜎�
𝑔𝑏 �𝜋𝐿𝑐ℎ

(7.11)

,
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where 𝑔𝑏 = 1/𝑝𝑏 is the bulk conductivity of the electrolyte. For the values of the parameters

used in the examples above we find that the critical diameter of the nanopore is 8.5 nm. This
means that the channel resistance dominates the system resistance when the diameter of the
nanopore is greater than 8.5 nm which is the case for all of our experiments. If, however, we can
neglect the surface conductivity of the nanopore, the critical diameter of the nanopore becomes
42 nm. This clearly demonstrates the importance of the surface conductivity to the contribution
of the overall conductivity of the nanopore and that it cannot be neglected. The dependence of
the critical nanopore diameter on the buffer solution concentration is shown in Figure 7.18.

Figure 7.18: The critical nanopore diameter versus electrolyte KCl buffer solution concentration in the range
from 1 mM to 1 M. The regions where the nanopore or channel resistance dominates are labeled
respectively.

Figure 7.18 shows that for low concentrations of the KCl buffer solution the surface conductivity
contribution is high and only small nanopores will have resistances comparable to the channel
resistance. For higher KCl buffer solution concentrations the bulk conductivity dominates and
larger nanopores will still have a significant contribution to the overall resistance. Similar
behavior is expected for other electrolyte buffer solutions due to generality of Equation (7.11).

239

However, for our experiments with large (~150 nm) nanopores and low KCl buffer solution
concentrations (10 mM), the ARROW hollow channel resistance dominates the system
resistance. For smaller nanopores (~40 nm) and medium salt concentrations (~0.1 M) the
nanopore and ARROW hollow channel resistance have a similar contribution to the overall
system resistance.
Finally, the resistance of the system can be measured experimentally before the
nanoparticle translocation experiment begins. This is accomplished by measuring the resistance
of the nanopore and ARROW hollow channel system and then the ARROW hollow channel
separately between reservoirs 1 and 2 separately. These measurements and the fitted lines are
shown in Figure 7.19.

Figure 7.19: The measurements and fitted lines of the ARROW hollow channel and nanopore resistance
(green circles and red solid line) and the ARROW hollow channel resistance (blue squares and black solid
line) [27].
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The resistance of the nanopore can be determined by:

5.6
8

𝑅𝑐ℎ + 𝑅𝑝 = 𝑅𝑠𝑦𝑠 ,

(7.12)

where Rsys and Rch are the slopes of the fitted lines that are extracted from Figure 7.19 and the
factor of 5.6/8 is the distance between the nanopore position and reservoir 1 and 2. This
measurement confirms that the ARROW hollow channel and nanopore system resistance is
linear as expected.

7.3.3

Blockade Level Amplitude Model
Having determined a model for the nanopore and ARROW hollow channel resistance it is

also necessary for us to determine a model that predicts the relative and absolute amplitude of a
nanopore ionic current blockade event.

In this section we will describe a model for the

amplitude of an ionic current blockade event. An accurate model of an amplitude blockade event
will account for the distribution of all the charges and fields within the nanopore when a particle
enters the system as shown in Figure 7.20.

Figure 7.20: A spherical nanoparticle with a resistivity ρρ and surface charge σp is translocating a nanopore
with a surface charge σ filled with an electrolyte buffer solution with bulk resistivity ρb.
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The solution to this problem is very complex and so a simplification has been made where the
nanopore is approximated to be cylindrical and the charges within the nanopore are uniformly
distributed as shown in Figure 7.21.

Figure 7.21: A simplified model of a spherical nanoparticle translocating a cylindrical nanopore with
uniformly distributed charges.

As a starting point we will use the derivation from [239] of the absolute blockade amplitude for a
spherical conducting nanoparticle with a diameter dp and conductivity ρρ in a non-conducting
cylinder of length Lp and diameter Dp, filled with conducting liquid with a resistivity ρb. From
this derivation, when a nanoparticle translocates through the nanopore the change in the
nanopore resistance can be written as follows:

∆𝑅𝑝 =

3 ∙𝑆(𝑑 ,𝐷 )
4𝜌𝑏 ∙𝑑𝑝
𝑝 𝑝

𝜋∙𝐷𝑝4

2−2𝛼

∙ � 2+𝛼 �,

(7.13)

with 𝑆�𝑑𝑝 , 𝐷𝑝 � defined as:
𝑑𝑝

3 −1

𝑆�𝑑𝑝 , 𝐷𝑝 � = �1 − 0.8 �𝐷 � � ,
𝑝

(7.14)
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and 𝛼 = 𝜌𝑏 /𝜌𝑝 . The S(dp,Dp) term is accurate to approximately 1 part in 107 for the ratios of

dp/Dp up to 0.95 [239, 240]. From Equation (7.13), the sensitivity of the nanopore to the
nanoparticles is proportional to the diameter of the nanoparticle cubed and diameter of the
nanopore to the fourth power making the nanopore a very sensitive detector. Defining Ib as a
baseline current when no particles are present and Ibl as a blockade current when a nanoparticle
is present in the nanopore we can derive the absolute amplitude of the blockade in terms of the
system as:

∆𝐼 = 𝐼𝑏 − 𝐼𝑏𝑙 =

𝑉𝑎

𝑅𝑠𝑦𝑠

−

𝑉𝑎

𝑅𝑠𝑦𝑠 +∆𝑅𝑝

=

𝑉𝑎

𝑅𝑠𝑦𝑠

∙𝑅

∆𝑅𝑝

𝑠𝑦𝑠 + ∆𝑅𝑝

=

𝐼𝑏 ∙∆𝑅𝑝
𝑉𝑎
+∆𝑅𝑝
𝐼𝑏

= 𝑉𝑎 ∆𝐺,

(7.15)

where Va is the applied voltage in the patch clamp mode across the nanopore ARROW hollow
channel system. The dependence on the pore length Lp, is linear and lumped into 𝑅𝑠𝑦𝑠 = 𝑅𝑝 +

𝑅𝑐ℎ and 𝑅𝑝 from Equation (7.6). This equation links our experimental parameters with the
amplitude of the blockade estimation from [239] to the absolute amplitude of the blockade events

in the ARROW hollow channel and nanopore system. The relative amplitude of the blockade is
then:

∆𝐼
𝐼𝑏

=

∆𝑅𝑝

𝑅𝑠𝑦𝑠 +∆𝑅𝑝

.

(7.16)

It is important to note that because the channel resistance either dominates or is significant for all
of our experiments, the relative magnitude of the amplitude of the blockade is significantly
reduced. In order for our model to more accurately represent the true behavior of the nanopore

243

system as shown in Figure 7.20, the surface charge of the walls for the nanopore can be included
in the effective conductivity. This does not influence the ΔRp term though, and is included in the
Rsys term, which can be measured experimentally.

Additionally the charge from the

nanoparticles can also be added to the conductivity. If the surface charge, the size, and the
percentage of the charge that is screened by the nanoparticle at a particular concentration and pH
of buffer solution are known then the increase in conductivity brought by the charged
nanoparticles can be calculated. This increase in conductivity can be approximately calculated
as follows:

𝜎𝑝 𝑆𝑝

2 �𝐷 2 −𝑑2 �
𝜋𝑑𝑝
𝑝
𝑝

−1
∆𝐺𝑝 = 𝐿−1
𝑝 𝜇𝐾 𝑉−𝑉 �𝐴 − 𝐴𝑝 � = 𝐿𝑝 𝜇𝐾 𝜎𝑝 �
𝑝

2
3

3
𝐷𝑝2 𝐿𝑝 − 𝑑𝑝

�,

(7.17)

where σp is the nanoparticle surface charge, Sp is the nanoparticle surface area, V is the nanopore
volume, Vp is the nanoparticle volume, A is the nanopore cross sectional area, and Ap is the
nanoparticle cross sectional area. Lastly, simulations can also be employed to estimate the
amplitude of the blockade, as well as the nanoparticle translocation time and velocity [241, 242].

7.3.4

Ionic Current Blockading Experimental Setup and Procedure
The experimental setup for the demonstration of ionic current blockading, electrical

gating, and detection of nanoparticles using ARROWs integrated with nanopores is depicted in
Figure 7.22. The Faraday cage is screwed to the optical table through an insulation/damping
foam board with nylon screws (not shown) to prevent any electrical contact with the optical
table. The ARROW platform chip is placed on the insulative holder (glass slide) to prevent
electrical contact with the Faraday cage. The Axopatch 200B headstage is secured with the
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headstage holder. Both the headstage and the ARROW platform chip rest on an additional
insulation/damping foam board, which is attached to the bottom of the Faraday cage. The
Faraday cage is grounded to the signal ground of the Axopatch 200B.

(b)

(a)

Figure 7.22: Experimental setup for ionic current blockade measurements. a) top view: 1 – ARROW
nanopore sample, 2 – insulation from the Faraday cage (glass slide), 3 – bottom copper sheet of the Faraday
cage, 4 – Axopatch 200 B headstage, 5 – headstage holder, 6 – insulation and damping foam board inside the
Faraday cage for headstage and sample. b) back view: 1 – floated optical table, 2 – insulation and damping
foam board, 3 – lower copper sheet of the Faraday cage, 4 – Faraday cage top part. The cage is grounded to
the Axopatch 200B signal ground [27].

(a)

The first step of the ionic current blockading experiment is to prepare a buffer solution as
described in other works [27]. The ARROW platform chip is pretreated by immersing it in a
piranha solution ((H2SO4:H2O2) (1:5)) which makes the walls of the nanopore and ARROW
hollow channel more hydrophilic and as a result reduces unspecific binding sites.

Low

concentrations of piranha are used to preserve the ARROW platform mechanical stability [138].
The ARROW platform is then immersed in DI water for 15 – 30 min, the ARROW platform is
dried with nitrogen and the fluidic reservoirs are attached using marine epoxy. The buffer
solution is added into the ARROW hollow channel and nanopore by pipetting the buffer solution
into the reservoirs.

Current-voltage characteristics are measured at the beginning of each
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experiment and noise values at 5 kHz bandwidth are recorded.

The solution with the

nanoparticles of interest is pipetted into the nanopore reservoir and the resulting signal is
recorded with the Axopatch 200B and Axoscope recording software.

7.3.5

Fluorescent Polystyrene Nanobeads
For the experiments performed for nanopore translocations and optical fluorescence

experiments described later in this chapter we used fluorescent polystyrene nanobeads as our
example nanoparticles. Carboxyl-modified fluorescent polystyrene nanobeads are stained with
various fluorescent dyes and produce bright fluorescence upon excitation. We used dark red
(excitation/emission: 660/680 nm) Fluospheres (Invitrogen) with nominal sizes of 20 nm (24 nm
actual mean diameter) and 40 nm (36 nm actual mean diameter). We also employed multi-color
(365/430 nm, 505/515 nm, 560/580 nm, 660/680 nm) labeled Tetraspeck carboxyl-modified
polystyrene beads with nominal diameter of 100 nm (100 – 110 nm actual mean diameter).
These beads are stable and negatively charged at pH > 5.0. To decrease the unspecific binding
of the nanobeads to SiN and SiO2 surfaces we add 0.1% Triton X-100. The concentration of 100
nm Tetraspeck beads is 1.8 x 1011 mL-1.

For fluorescent nanobeads the concentration is

calculated using the following relation:

𝑀=

6∙𝐶∙1015

𝜋∙𝜌∙𝑑3 ∙𝑁𝐴

(7.18)

,

where C is the concentration of solids, ρ is the density of polystyrene nanobeads, d is the
diameter of the polystyrene nanobead, and NA is Avogadro’s number.
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7.3.6

Single Level Nanobead Nanopore Translocation Experiments
The most basic and only nanopore event which will be discussed in this work are single

level nanobead translocations through the nanopore. Other nanopore events are discussed more
in detail in [27]. Single level events are defined as events which only exhibit a single level of
signal amplitude drop from a single nanobead and typically happen when using solutions with
low concentrations of nanoparticles.

The low nanoparticle concentration ensures that the

probability of two particles residing in the nanopore is sufficiently small such that the signal is
dominated by the single level events. Assuming that a Poissonian probability distribution of
nanoparticles is captured by the nanopore mouth, the concentration at which single level events
dominate the signal (>98%) should be:

𝑒 −𝛾 = 0.98 => 𝛾 = 0.02 / occupied volume.

(7.19)

The concentration of nanoparticles for a typical nanopore capture volume of 1.4 nL then should
be 24 aM. However, a concentration of nanoparticles this low does not fit the experimental data.
The reason for this is that not all of the captured nanoparticles will have enough energy to
translocate the nanopore. Therefore, a better estimate of the concentration of nanoparticles can
be obtained by using the volume of the nanopore as the capture volume.

This gives a

nanoparticle concentration of 11 nM, which is close to the actual experimental nanoparticle
concentration at which singlet events have been observed. In the following section we analyze
the experimental data with single leve events collected with different sizes of solid state
ARROW nanopores and different sizes of nanoparticles. The analysis of the nanopore electrical
data stream was done using pClamp software (Molecular Devices). Depending on the quality of
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the data, additional signal filtering was done using 5 kHz 8-pole Bessel filter and if a filter is not
specified a 10 kHz 8 pole analog filter was used. The typical sampling rate during the data
acquisition was 100 kHz or 250 kHz. The event identification was performed using the pCLamp
single channel search function to specify levels and register events as shown in Figure 7.23. As
an example we show the details of the analysis of data produced with 38 nm nanospheres beads
translocating a 190 nm nanopore. The resulting blockades are shown in Figure 7.23.

Figure 7.23: A plot of 38 nm nanobeads translocating a 190 nm nanopore. Raw blockade data was digitally
filtered with a 5 kHz 8 pole Bessel filter. The top solid green line signifies an open nanopore current level and
the bottom dashed red line shows the boundary for a blocked or closed nanopore current level [27].

After the events are identified and their characteristics such as amplitude of the blockade and
dwell time are tabulated, a histogram is constructed for easy visual representation of the data and
identification of the event clusters as shown in Figure 7.24. The amplitudes of the blockade
events are all very uniform in depth, which suggests that the same type and size of nanobead
sphere was translocating the nanopore. However, the dwell times of the blockades are all very
different. Dwell times span two orders of magnitude from short events which are on the order of
0.1 ms to longer events which can take up to 10 ms or more. This indicates that different
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interactions occur with the same size nanobeads and the nanopore walls, which causes a
variation in the dwell time. The average dwell time and blockade amplitude is about 0.7 ms and
38 pA respectively.

Figure 7.24: The amplitude dwell histogram for 38 nm nanobeads translocating a 190 nm nanopore [27].

In order to verify that our model fits well with our experimental results we can now calculate the
blockade amplitude for the single level experiment using Equation (7.13), (7.14), and (7.15). In
this experiment we used a 20 mM KCl buffer solution that had a pH of 9.5 or ρb = 4 Ω·m. The
measured current-voltage characteristics are shown in Figure 7.25. From the fitted line (red solid
line) the initial resistance of the nanopore and ARROW hollow channel system is Rsys0 = 88.0
MΩ.
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Figure 7.25: The current-voltage characteristic for the nanopore and ARROW hollow channel system
experiment for 38 nm nanobeads translocating a 190 nm nanopore [27].

During the experiment, the concentration of the salt increases as the buffer evaporates from the
fluidic reservoirs and the resistance decreases to 66.7 MΩ during the time it takes the nanobead
to translocate the nanopore. Taking this into account the resistivity of the solution is adjusted so
that 𝜌𝑏 = 4 ∙

66.7
88

= 3𝛺 ∙ 𝑚 . Using Equation (7.13) and (7.15) we can now calculate ΔRp = 163.5

kΩ with α = 0 for an insulating nanoparticle and the absolute blockade amplitude to be ΔIc = 37
pA which agrees well with the experimentally measured average blockade amplitude of 38 pA.

7.3.7

Simultaneous Electrical and Optical ARROW Platform Detection
In order to verify the ability of the ARROW hollow channel and nanopore system to

detect and sense single nanoparticles electrically and optically simultaneous ionic current
blockading and fluorescent intensity experiments were performed. In this section, the first part
of the experiment, ionic current blockading is performed and characterized using 110 nm
fluorescent nanobeads that translocate a 140 nm nanopore. In the following section, the second
part of the experiment, fluorescence optical detection and sensing of the same nanobeads using
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an ARROW platform is described. The electrical and optical results are then compared to prove
that the nanopore and ARROW platform can operate as a sensitive single nanoparticle detector.
To begin then, Figure 7.26(a) shows the cross section of the ARROW hollow channel that was
used for this experiment.

(a)

(b)

Figure 7.26: SEM images of (a) the cross section of the ARROW hollow channel platform from wafer MP15
which was used for this experiment and (b) the nanopore with a diameter of 140 nm.

The dimensions of the channel are 12 μm x 5 μm. The sample used for this experiment was from
wafer MP15 and is described in more detail in other works [27]. The 140 nm nanopore used
during this experiment is shown in Figure 7.26(b). The current-voltage characteristics of the
nanopore and ARROW hollow channel system were determined using methods from the
preceding sections and are shown in Figure 7.27. The linear fit of the data in Figure 7.27(a)
gives the system resistance of the system configuration to be Rsys12 = 57.42 MΩ. As mentioned
before, the continuous evaporation of the buffer solution which increases the effective salt
concentration during the experiment caused the resistance of the system to decrease to Rsys12 =
28.87 MΩ after 76 minutes as shown in Figure 7.27(b). These values can be used with the model
described above to predict a blockade amplitude of 58 pA.
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(a)

(b)

Figure 7.27: The measured (blue circles) and fitted (red solid line) current-voltage characteristics of the
ARROW hollow channel and nanopore system (a) when initially filled with the buffer solution and (b) after
the evaporation of buffer solution for 76 minutes [27].

7.3.8

Ionic Current Blockade Event Detection
After the addition of 110 nm fluorescent beads to the buffer solution (Tetraspeck,

Invitrogen) ionic current blockade events from single nanobead events translocating through the
nanopore were observed as shown in Figure 7.28(a). The resulting blockades have a SNR of
approximately 40 as shown in Figure 7.28(b). The blockade amplitude at an applied voltage of
408 mV was approximately 60 pA, which agrees well the predicted blockade amplitude of 58pA.
The single ionic current blockade nanobead events for several different applied voltages are also
shown using an amplitude dwell histogram in Figure 7.29. The higher amplitudes at higher
voltages are caused by the nanobeads translocating the nanopore with an increased dwell time
allowing for more accurate signal measurement [243].

252

(b)

(a)

Figure 7.28: The single ionic current blockade events for 100 nm fluorescent beads translocating through a
140 nm nanopore. (a) Individual peaks are events where 100 nm beads are translocating through the 140 nm
nanopore and (b) a zoomed in view of one of the event peaks [27].

Figure 7.29: The amplitude dwell histogram for single ionic current blockade events of the nanobeads
translocating the nanopore at several different voltages [27].

This implies that the nanobeads had strong interactions with the nanopore walls and that
these interaction statistics dominated for increased applied voltages. The mean dwell time of the
nanobeads at 411 mV was approximately 1 ms. This experiment has proved then that the
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ARROW hollow channel and nanopore system can be used to successfully filter and detect the
entrance of single nanobeads through the nanopore and into the ARROW hollow channel.

7.4

ARROW Fluorescence Sensing Introduction
Now that we are able to filter and detect the introduction nanobeads through the nanopore

and into the ARROW hollow channel using ionic current blockading methods we would like to
also be able to optically detect the fluorescent nanobeads to add another layer of sensitivity to
our ARROW platform. In order to do this, two fluorescence sensing methods, Raman scattering
and fluorescence spectroscopy have been considered.

While both Raman scattering [186] and

fluorescence spectroscopy [65] have been utilized with ARROW platforms, we chose to use
fluorescence spectroscopy because it has a higher sensitivity.
Fluorescence is the process whereby electrons that are part of atoms that make up
molecules are excited to higher energy levels by photon absorption, friction, or chemical energy
supplied by any number of different sources. Later the electrons return to lower energy states
from their excited energy state by emitting photons or energy in the form of light [244]. In
particular, fluorescing materials, called fluorophores, are excited by photons and emit red-shifted
light with a relatively short lifetime on the order of tens of nanoseconds.
As an example relevant to our experiments, Figure 7.30shows an excitation (blue solid
line) and emission (red solid line) spectra of the Alexa 647 fluorophore dye. For typical
fluorescence detection experiments the excitation power is delivered by a HeNe laser at 633 nm
(red vertical dashed line). A bandpass filter (orange area) collects fluorescence photons and
rejects excitation laser light background.
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Figure 7.30: The excitation (blue solid line) and emission (red solid line) spectra of an Alexa 647 fluorophore
dye, HeNe laser excitation at 633 nm (red vertical dashed line), and bandpass filter (orange area) [245].

7.5

Fluorescence Correlation Spectroscopy
Next, the nanobead fluorescence data is analyzed using a fluorescence correlation

spectroscopy (FCS) method.

This method was chosen because it uses fluctuations in the

detected fluorescence intensity of the nanobeads instead of the intensity amplitude. The FCS
analysis method provides parameters of the system under the fluctuations. FCS can then be used
to analyze the concentration fluctuations of fluorescent nanobeads in our solution. In this
application, the fluorescence emitted from a very tiny volume in solution containing a low
concentration of fluorescent nanobeads can be observed.

However, FCS does require low

concentrations of nanobeads to be effective, because as the number of nanobeads under
observation decreases, each individual fluctuation becomes more apparent. The fluorescence
intensity fluctuates due to Brownian motion of the nanobeads so that the number of the
nanobeads in the volume defined by the optical system is randomly changing around the average
number. The FCS analysis will then give the average number of fluorescent nanobeads and
average diffusion time, when the nanobead is passing through the excitation volume. Eventually,
both the concentration and size of the nanobeads can be determined. In the past, the FCS method
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has been used successfully to measure protein diffusion [64, 244, 246, 247], conformational
changes and interactions [247]; diffusion and flow velocities of fluorescent dyes [177, 248],
liposomes [176, 247] and nucleic acids; triplet state kinetics [249]; detection and analysis of
viruses [250-256] on non-integrated platforms, their assembly [257], disassembly [258]; viral
DNA packaging [259] and many others.
The FCS method is also commonly used for optical microscopy systems such as confocal
or two-photon microscopy. In these techniques light is focused on a sample and the measured
fluorescence intensity fluctuations are analyzed using the temporal fluorescence autocorrelation.
A fluorescence autocorrelation function is defined as:

𝐺(𝜏) =

〈𝛿𝐹(𝑡) ∙ 𝛿𝐹(𝑡+ 𝜏)〉
〈𝐹(𝑡)〉2

,

(7.20)

where 𝛿𝐹(𝑡) = 𝐹(𝑡) − 〈𝐹(𝑡)〉 and 𝛿𝐹(𝑡 + 𝜏) = 𝐹(𝑡 + 𝜏) − 〈𝐹(𝑡 + 𝜏)〉 are measured

fluorescence fluctuations at times 𝑡 and 𝑡 + 𝜏 respectively, 〈𝐹(𝑡)〉2 is a normalization factor,
and 〈 〉 denotes a time average of the function:
〈𝑓(𝑡)〉 =
7.5.1

1

𝑇

∫ 𝑓(𝑡)𝑑𝑡.
𝑇 0

(7.21)

Confocal Microscopy Using Fluorescence Correlation Spectroscopy
Usually the general autocorrelation equation, given in Equation (7.20), is further

specified by linking the parameters of the setup and nanopbeads to the autocorrelation function.
For example, the fluorescence autocorrelation function for a confocal microscopy system with a
diffraction limited excitation volume and single nanobead drift and diffusion would be,
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(7.22)

where 𝑤𝑥𝑦 is the spot size in the x and y direction, 𝑤𝑧 is the spot size in the z direction, D is the
diffusion coefficient, 𝑉𝑧 is the flow velocity in the z direction, and 〈𝐶〉 is the average

concentration of nanobeads in the excitation volume. Close examination of Equation (7.22)
reveals that 𝐺(0) is inversely proportional to the average number of nanobeads in the excitation

2
volume, since 〈𝑁〉 = 𝑉𝑒𝑓𝑓 〈𝐶〉 where 𝑉𝑒𝑓𝑓 = 𝜋 3/2 𝑤𝑥𝑦
𝑤𝑧 is the effective volume. An example

plot of the FCS curve using this autocorrelation function is shown in Figure 7.31.

Figure 7.31: An example plot of an FCS curve showing that the average number of nanobeads is inversely
proportional to the intercept of the curve with y axis.

By using this autocorrelation function the data produced by numerical autocorrelation of
the measured fluorescence 𝐹(𝑡) can be fitted and used to infer the local concentration of

nanoparticles 〈𝑁〉, their diffusion coefficient 𝐷, and their drift velocity 𝑉𝑧 . In the next section we

will use this autocorrelation function to model and ARROW platform system and determine the
local concentration of nanoparticles 〈𝑁〉.
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7.5.2

ARROW Fluorescence Correlation Spectroscopy
As mentioned previously, FCS is a powerful method for the analysis of single fluorescent

nanoparticles at low concentrations 〈𝑁〉. Large scale confocal microscopy FCS setups have been

demonstrated, however, these setups are often expensive, bulky, time intensive and use
diffraction limited optics.

An integrated, planar ARROW platform using FCS for single

fluorescence nanoparticle spectroscopy would be preferred over confocal microscopy because it
is miniature (~ 1 cm2), inexpensive, quick, has small excitation volumes, and uses parallel
processing based on standard semiconductor processes. Additionally, the ARROW platform is
ideally suited for FCS because it uses planar beam geometries and hollow liquid cores which
allow for the analysis of nanoparticles without immobilization.

7.5.3

ARROW Fluorescence Correlation Spectroscopy Model
The ARROW platform FCS model differs from the classical confocal FCS model

discussed above because it has a very specific excitation profile characterized by an intersecting
solid core ARROW waveguide, a collection efficiency in the y and z directions, and a cavity
effect in x direction. The ARROW waveguide at the solid and hollow core intersection with the
excitation beam and relevant geometric parameters is shown in Figure 7.32.
Based on the definition of the FCS model and physical parameters of the ARROW
platform, the ARROW platform FCS model has been developed in [177] and later corrected in
[260] and is derived in detail in other works [27]. This model takes into account all of the
parameters influencing the excitation and detection volume and nanoparticle properties such as
the diffusion coefficient, flow velocity and local concentration [177, 260].
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Figure 7.32: An excited nanoparticle is shown at the intersection of the solid and liquid core ARROW
waveguides. The relevant parameters for the ARROW platform FCS model are the excitation beam spot
sizes wye and wze in the y and z directions, the collection efficiency spot sizes wyc and wxc in y and x directions,
and the width L of the hollow liquid core ARROW waveguide forming a cavity in the x direction.

The resulting expression for the fluorescence autocorrelation function is:

𝐺(𝜏) =
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where 𝑤𝑥𝑐 is the spot size of the collection efficiency in x direction, 𝑤𝑦 and 𝑤𝑧 are the spot sizes

of the excitation beam in y and z directions respectively, 〈𝐶〉 is the local concentration of
nanoparticles, D is the diffusion coefficient of nanoparticles, 𝑉𝑧 is the flow velocity in z direction,

and 𝜏 is the lag time. 𝐹𝑐 (𝜏) takes into account standing wave phenomena due to the finite
reflectivity |𝑟|2 of the dielectric ARROW walls [260] and is given as:
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,

(7.24)

where 𝑘 =

2𝜋𝑛
𝜆

is a wave vector in the solution and 𝐿 is the width of the liquid core waveguide in

the x direction. It is important to note that high transmission from the solid core into the liquid
core and back into the solid core at the interfaces is one of the design specifications. Therefore,
with 𝑟 ≈ 0, 𝐹𝑐 (𝜏) = 1 for all lag times 𝜏.

This autocorrelation function expression is very similar to the confocal model because it

also has dependencies on the effective excitation volume 𝑉𝑒𝑓𝑓 = 𝜋 3/2 𝑤𝑥𝑐 𝑤𝑦𝑒 𝑤𝑧𝑒 , the local

concentration of nanoparticles 〈𝐶〉, the diffusion coefficient 𝐷, and the uniform translational flow
velocity in the z direction 𝑉𝑧 . A more detailed and complete analysis of the model behavior can

be found in [177, 260].

7.5.4

Fluorescence Detection and Analysis
The electrical blockades discussed in the previous sections demonstrated the ability of the

ARROW platform to filter and detect nanobeads entering the ARROW platform. In order to
confirm the introduction and improve the detection and sensing capabilities of the ARROW
platform we know examine the results of the optical detection of these same 110 nm nanobeads.
After the nanobeads are introduced into the ARROW platform they will move to the intersection
of the hollow and solid core waveguide excitation volume by the pressure gradient, electrokinetic
flow, and diffusion. It took the 110 nm nanobeads approximately 250 seconds to arrive at this
intersection after they translocation through the 140 nm nanopore and ionic current blockade
events were detected. The length of the path between the nanopore and the excitation volume
was 1700 μm, therefore, the nanobead velocity was calculated to be about 7 μm/s.

The

fluorescent intensity signal from single fluorescent beads entering the excitation volume is
shown in Figure 7.33.
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Figure 7.33: The fluorescence intensity signal from single nanobeads introduced into optofluidic through the
140 nm nanopore [27].

Figure 7.34: The measured (blue circles) and fitted (red solid line) FCS method for 110 nm nanobeads
introduced into the ARROW platform through the 140 nm nanopore [27].

It can be observed that there is a low concentration of nanoparticles and a SNR is
approximately 40 for largest amplitude fluorescence signals. The FCS method was also used to
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analyze the concentration of particles with the fitting parameters of wxc = 4.68 μm, wye = 2.4 μm,
and wze = 1.98 μm and an excitation volume of 70 fL. The FCS resulting data and fitted model
are shown in Figure 7.34. The resulting fitted parameters for the single fluorescent nanobeads
are calculated to be D = 3.5 μm2/s, Vz = 8.2 μm/s, and 〈𝐶〉 = 30 pM. This concentration of 30

pM is in agreement with the manufacturer stock solution which is quoted as 300 pM when the
solution is diluted with water in a ratio of (1:8).

These results show that nanopore can

mechanically filter and detect single nanobeads using ionic current blockading and sense single
nanobeads using fluorescence detection. This demonstrates that simultaneous detection and
sensing of single nanoparticle using electrical and optical methods are possible with the planar,
integrated nanopore and ARROW platform.
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8

8.1

CONCLUSION

Summary
The advancements and improvements described in this work have been made in an attempt

to increase the electrical and optical sensing capabilities of the ARROW platform for single
particles and, ultimately, biological molecules. The object of this research project was to create
an ARROW platform that could electrical filter and detect single particles according to size using
ionic current blockading and then also optically sense the same single particles using sensitive
fluorescence measurements.

In order to accomplish this objective, nanopores have been

integrated in the ARROW hollow cores.

By using ARROW platforms for single particle

sensing, we have been able to take advantage of many desirable qualities such as low cost
fabrication, miniature sizes (~1 cm2), parallelization, small excitation volumes, low index media
waveguiding, high speed sensing, and user-friendly interfaces. This represents a significant
advancement beyond current single particle electrical and optical sensing techniques such as bilipid and TEM grid ionic current blockading, confocal microscopy, and near field scanning
microscopy, which often use bulky, complex, expensive, time intensive, diffraction limited
optical and electrical setups. Therefore, the integration of ARROW platforms with nanopores
represents a significant advance in single particle sensing and has created the potential for using
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ARROW platforms as a versatile and powerful hand-held chemical and biological diagnostic
device.
In order to make these advancements and improvements possible extensive modifications
have been made to the ARROW materials and fabrication processes.

These include the

optimization of a unique piranha acid mixture, the development of a low photoluminescence SiN
material, and the integration of micropore and nanopore features. These modifications have been
documented in detail in this dissertation culminating in electrical ionic current blockading and
optical fluorescence experiments that have lead to the highest sensitivity ever of single particles
using ARROW platforms. This body of work still leaves much to be accomplished, however, the
realization of the vision of a stand-alone hand-held integrated ARROW platform and nanopore
device is not far in the future.

8.2

Future Work
From the body of work described in this dissertation there are many possible avenues that

could be taken to make improvements to the integrated nanopore and ARROW platform. A few
areas that are of particular importance are: developing fabrication methods for the ARROW
platform that make it possible to produce in a high volume manufacturing setting, improving the
optical transmission of the ARROW platform, developing a parallelizable fabrication method for
nanopores, and applying the integrated nanopore and ARROW platform for DNA sequnencing.
First, the ARROW platform is currently fabricated, as outlined in this dissertation, using
a series of plasma etching steps for many of the critical fabrication processes such as the core
expose, solid core waveguide, and micropore etch. In the future fabrication methods based on
wet etching should be used in order to reduce the production time and cost of fabricating
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ARROW platforms in a high volume manufacturing setting.

This, admittedly, is a very

complicated task since a fabrication method would need to be developed to etch Si and PECVD
SiN and SiO2 anisotropically using a wet etchant. Great strides forward have been already made
in this general area though at BYU with the development of a liftoff technique for PECVD SiN
and SiO2 [261] and the development of KOH etchants that are able to etch silicon, SiN and SiO2
while photoresist patterns remain intact. Additionally, a new type of negative photoresist system
called ProTek (Brewer Science) that is resistant to KOH etching, could also be used to
selectively wet etch ARROW platforms in the future.
Next, the optical transmission or throughput of the ARROW platform must be increased
in order to measure and detect more sensitive and accurate single particle fluorescence signals.
This can most easily be accomplished in the future by using smaller excitation volumes, shorter
ARROW waveguides, and smaller distances between the excitation volume and avalanche
photon detectors. Preliminary designs and fabrication methods for ARROW platforms using
these modifications have already begun at BYU and a example design of an ARROW platform is
shown in Figure 8.1.
Next, a fabrication method for the nanopore feature must be developed that is
parallelizable. Currently, the focused ion beam method of milling the nanopore must be done
serially, where each nanopore is individually milled one at a time. A method that would allow
all of the nanopores to be etched in a single fabrication step would be preferred and is necessary
for high volume manufacturing. To date, there are many conventional and non-conventional
methods for fabricating nanopores, however, none of them overcomes the previously mentioned
challenge. However, at BYU preliminary work has been done fabricating nanopores using an

265

oxygen plasma trimming technique in combination with a chrome liftoff process. A fabrication
flow diagram for this process is shown in Figure 8.2(a) – (f).

Figure 8.1: A diagram of an example design of an ARROW platform with shorter waveguides, shorter
excitation/detector distances, and smaller excitation volumes.
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Figure 8.2: A flow diagram of the fabrication process for fabricating a nanopore using an oxygen plasma
trimming and metal liftoff process.

This fabrication process has been successful however, with limited results due to the control and
capabilities of the oxygen plasmas system that is available at BYU, as shown in the SEM images
in Figure 8.3(a) – (c).
Finally, the integrated nanopore and ARROW platform should be adapted to be utilized
for DNA sequencing. DNA sequencing is defined as the use of any of several different methods
or technologies to determining the order of the nucleotide bases adenine, guanine, cytosine, and
thymine in a molecule of DNA. DNA sequencing is perhaps the most promising and profitable
application using integrated solid state nanopores and lab-on-a-chip ARROW optofluidic
platforms.
267

(a)

(b)

(c)
Figure 8.3: SEM images of (a) a zoomed out view of the SU8 spike, (b) a zoomed in view of the tip of the SU8
spike with diameter of 423nm, and (c) The transferred pattern into the Chrome after the SU8 spike liftoff.

The sequence of a DNA molecule can be determined using solid state nanopores by
measuring current blockades that occur as the DNA molecule translocates through the nanopore.
Specific nucleotide bases will have distinct current blockade signatures that can be determined
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and counted to sequence a DNA molecule. Figure 8.4 shows a diagram of an atomic level DNA
molecule translocating a solid state nanopore. It can be seen that different sections of the DNA
molecule will have different cross sectional areas, and, as a result, block different amounts of
area as they translocate through the nanopore. This will create unique current blockading
signatures from each section of the DNA molecule.

Figure 8.4: A Diagram of the translocation of a DNA molecule through a solid state nanopore.

In the past, many different groups have used different solid state nanopore configurations for
DNA sequencing, however, there has been very limited success. This is because there are still
many difficult fabrication and measurement challenges associated with using solid state
nanopores for DNA sequencing.

Some of these challenges include the difficulty fabricating

nanopores with 2 – 5 nm diameters which is the width of a typical DNA molecule, fabricating 10
– 20 nm thick suspended solid state membranes, high solid state nanopore noise levels, and high
speed DNA molecule translocation through solid state nanopores. Recently, at BYU, a double
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gated nanopore optofluidic platform has been suggested to slow the translocation of DNA
molecules through nanopores. Figure 8.5 shows a diagram of the integrated double nanopore
and optofluidic platform.
.

Figure 8.5: A diagram of an integrated double nanopore optofluidic platform for DNA sequencing.

The theory of operation of the integrated double nanopore optofluidic platform is that two
nanofluidic channels are fabricated on top of each other and nanopores are milled with a FIB
process in the tops of the channels. Metal electrode contacts are placed around the nanopores
and connected to voltage sources. Opposite but similar magnitude voltages are then placed on
each of the metal electrode contacts. Then by slightly adjusting the magnitudes of the voltages
on the metal electrode contacts the flow of the buffered solutions in the nanofluidic channels can
be decreased or increased and the DNA molecule can be moved through the nanopore at a
controlled speed. In this way it is possible to slow the translocation of the DNA molecule
through the nanopore significantly so that we can measure high sensitivity ionic current blockade
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events reliably and reproducibly.

This optofluidic platform is still in the early stages of

development and fabrication at BYU although it seems very promising.
These four suggested areas of future work for the integrated nanopore and ARROW
platform represent some of the most important developments and modifications, among others,
that should be made to improve the overall functionality of the ARROW platform.

8.3

Conclusions
This dissertation outlined the study, research and development of the integrated nanopore

and ARROW platform. This integrated platform was designed with the intent of improving
electrical and optical single particle and biological molecule sensing. The background and
theory of ARROW platforms was established in Chapter 1 and 2. There, it was established
ARROW platforms provide a unique way of guiding light in low index media such as gases and
liquids for single particle analysis as well as offering many manufacturing and economical
advantages.
In Chapter 3 the methods used to fabricate ARROW platforms are described in detail. It
is explained how fabrication processes and techniques, such as plasma enhanced chemical vapor
deposition, photolithography, plasma etching, and sacrificial cores, are used to create ARROW
platforms. Additionally, many attempted improvements to these processes and techniques are
also presented.
Chapter 4 outlined the methods used to characterized the mechanical and optical quality of
ARROW platforms. The scattering method described, specifically, is a new characterization
method that has played an important role initially determining the quality of ARROW platforms.
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Chapters 5 and 6 discussed improvements made in the production time, fabrication yield,
and fluorescence signal to noise ratio of ARROW platforms using an unique piranha acid
mixture and a low photoluminescence PECVD SiN film. Each of these represents a significant
improvement in the fabrication process of ARROW platforms.
Finally, Chapter 7 details the design, modeling, fabrication, and electrical and optical
experimentation of integrated nanopores and ARROW platforms. This new ARROW platform
capability also represents a significant advancement in ARROW platform fabrication processes
and single particle sensing capabilities.
Future work still remains as discussed in Chapter 8 for the advancement of the ARROW
platform. There are still many ways that the ARROW platforms optical performance can be
improved and additional features can always be added to provide functionality for different
applications. However, the current integrated nanopore and ARROW platform have become an
important device for modern day single particle sensing.
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A. NANOPORE AND INTEGRATED ARROW PLATFORM PROCESS RECIPES

This Appendix lists the detailed process recipes used in the fabrication of devices described in
this dissertation. This included recipes for photolithography using SU8-10, SU8-3005, AZ3330,
and AZP4620 photoresists. Following the lithography recipes are recipes for various chrome
masking layer depositions and PECVD deposition recipes for SiO2 and SiN cladding layers for
ARROW platforms. The final section contains recipes for a piranha mixture that is used to wet
etch SU8, AZ3330, and AZP4620 sacrificial cores, a chrome wet etch recipe, and the plasma
SiO2 and SiN etching recipes used in this work.
A.1 SU8 Photoresist Recipes
Optimized SU8-10 sacrificial core (spin target: 5.2-5.4 mm, final thickness: 5.0 mm):
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. Dehydration bake – Hotplate,
(a) 10 min, 200°C
3. SU8-10 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of SU8-10 in the center of the wafer
(b) Spin: 500 rpm @ 100/s, 6 s; 4400 rpm @ 1200/s, 60 s; 6000 rpm @ 6000/s, 2 s
4. Soft bake – Hotplate
(a) 65°C, 10 min
(b) Ramp to 95°C at 20°C/min, bake 10 min
(c) Cool to 65°C on hotplate, slowly cool to RT on level surface for 5 min
5. Exposure – Karl Suss south aligner
(a) 14 s, constant intensity of 10 mW/cm2, 10 s hard contact, 50 μm alignment gap
6. Post exposure bake (PEB) – Hotplate
(a) 65°C, 10 min
(b) Ramp to 95°C at 20°C/min, bake 5 min
(c) Cool to 65°C on hotplate, slowly cool to RT on level surface for 5 min
7. Development – Solvent Bench
(a) Immerse in SU8 developer and gently agitate for 1 – 2 min
(b) Rinse with fresh SU8 developer
(c) Rinse with IPA and dry with nitrogen gun
8. Hard bake step 1 – Hotplate
(a) Ramp from RT to 200°C, bake at 200°C, 10 min
(b) Ramp down to 95°C
(c) Slowly cool to RT on level surface for 5 min
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9. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
10. Hard bake step 2 – Hotplate
(a) Ramp from RT to 260°C, bake at 250°C, 10 min
(b) Ramp down to 95°C
(c) Slowly cool to RT on level surface for 5 min
SU8-10 ridge (target 15 μm final thickness) - needs to be thick enough to protect hollow-core
waveguides, which usually requires a layer 5 μm thicker than the sacrificial core:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. Dehydration bake – Convection Oven
(a) 15 min, 150°C
3. HMDS – Vapor priming container on hotplate
(a) 5 min, 70°C
4. SU8-10 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of SU8-10 in the center of the wafer
(b) Spin: 500 rpm @ 100/s, 6 s; 1000 rpm @ 1200/s, 60 s; 6000 rpm @ 6000/s, 2 s
5. Soft bake – Hotplate
(a) 65°C, 10 min
(b) Ramp to 95°C at 20°C/min, bake 10 min
(c) Cool to 65°C on hotplate, slowly cool to RT on level surface for 5 min
6. Exposure – Karl Suss south aligner
(a) 20 s, constant intensity of 10 mW/cm2, 10 s hard contact, 50 μm alignment gap
7. Post exposure bake (PEB) – Hotplate
(a) 65°C, 10 min
(b) Ramp to 95°C at 20°C/min, bake 5 min
(c) Cool to 65°C on hotplate, slowly cool to RT on level surface for 5 min
8. Development – Solvent Bench
(a) Immerse in SU8 developer and gently agitate for 1 – 2 min
(b) Rinse with fresh SU8 developer
(c) Rinse with IPA and dry with nitrogen gun
9. Hard bake – Hotplate
(a) Ramp from RT to 200°C, bake at 200°C, 10 min
(b) Ramp down to 95°C
(c) Slowly cool to RT on level surface for 5 min
10. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
SU8- 3005 micropore (target 15 μm final thickness) – The pillar that is patterned needs to be tall
enough that it extends above the hollow section of the ARROW channel and so that the chrome
poorly covers it so that it can be lifted off:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
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2. Dehydration bake – Hotplate,
(a) 10 min, 200°C
3. SU8-3005 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of SU8-3005 in the center of the wafer
(b) Spin: 500 rpm @ 3000/s, 60 s; 6000 rpm @ 6000/s, 2 s
4. Soft bake – Hotplate
(a) 95°C, 8 min
(b) Slowly cool to RT on level surface for 5 min
5. Exposure – Karl Suss south aligner
(a) 20 s, constant intensity of 10 mW/cm2, 10 s hard contact, 10 μm alignment gap
6. Post exposure bake (PEB) – Hotplate
(a) 95°C, 3 min
(b) Slowly cool to RT on level surface for 5 min
7. Development – Solvent Bench
(a) Immerse in SU8 developer for 1 – 2 min
(b) Rinse with fresh SU8 developer
(c) Rinse with IPA and dry with nitrogen gun
8. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
A.2 AZ3330 and AZP4620 Photoresist Recipes
AZ3330 sacrificial core (target 5 μm) - used for trapezoidal ARROW hollow sacrificial cores:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. Dehydration bake – Hotplate,
(a) 10 min, 200°C
3. AZ3330 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of AZ3330 in the center of the wafer
(b) Spin: 1000 rpm @ 1000/s, 90 s; 6000 rpm @ 6000/s, 2 s
4. Soft bake – Hotplate
(a) 90°C, 4 min
(b) Slowly cool to RT on level surface for 5 min
5. Exposure – Karl Suss south aligner
(a) 13 s, constant intensity of 10 mW/cm2, 10 s hard contact, 50 μm alignment gap
6. Development – Solvent Bench
(a) Immerse in AZ 300 MIF developer for 60 s
(b) Rinse with DI water and dry with nitrogen gun
7. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
8. Deep UV hard bake – Deep UV oven
(a) Attach wafer to tilted spinner
(b) Deep UV exposure: RT, 15 min, constant intensity mode
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AZ3330 micropore stopper (target 10 μm) - used for micropore stop etch feature in the top of
ARROW hollow sacrificial cores:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. AZ3330 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of AZ3330 in the center of the wafer
(b) Spin: 1500 rpm @ 1500/s, 60 s; 6000 rpm @ 6000/s, 2 s
3. Soft bake – Hotplate
(a) 90°C, 4 min
(b) Slowly cool to RT on level surface for 5 min
4. Exposure – Karl Suss south aligner
(a) 21 s, constant intensity of 10 mW/cm2, 10 s hard contact, 10 μm alignment gap
5. Development – Solvent Bench
(a) Immerse in AZ 300 MIF developer for 60 s
(b) Rinse with DI water and dry with nitrogen gun
6. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
AZ3330 general etch mask (target 2 μm) - used for short wet and dry etches for both metal and
dielectric films:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. AZ3330 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of AZ3330 in the center of the wafer
(b) Spin: 6000 rpm @ 6000/s, 60 s
3. Soft bake – Hotplate
(a) 90°C, 4 min
(b) Slowly cool to RT on level surface for 5 min
4. Exposure – Karl Suss south aligner
(a) 8 s, constant intensity of 10 mW/cm2, 10 s hard contact, 10 μm alignment gap
5. Development – Solvent Bench
(a) Immerse in AZ 300 MIF developer for 30 s
(b) Rinse with DI water and dry with nitrogen gun
6. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
AZP4620 sacrificial core (target 5 μm) - used for trapezoidal ARROW hollow sacrificial cores:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. AZP4620 application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of AZ3330 in the center of the wafer
(b) Spin: 3000 rpm @ 3000/s, 60 s; 6000 rpm @ 6000/s, 2 s
3. Soft bake step 2 – Hotplate
(a) 100°C, 5 min
(b) Slowly cool to RT on level surface for 5 min
4. Hydration and relaxation
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5.
6.

7.
8.

(a) 45 min at RT on level surface – Teflon wafer holder
Exposure – Karl Suss south aligner
(a) 90 s, constant intensity of 10 mW/cm2, 10 s hard contact, 50 μm alignment gap
Development – Solvent Bench
(a) Immerse in 400K 1:4 developer and agitate, 5-10 min
(b) Rinse with DI water and dry with nitrogen gun
Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
Deep UV hard bake – Deep UV oven
(a) Attach wafer to tilted spinner
(b) Deep UV exposure: RT, 15 min, constant intensity mode

AZP4620 core expose (target 30 μm) - used for core expose etching with standard ARROWs.
Mask layer needs to protect hollow and ridge waveguides throughout etching:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. AZP4620 application step 1 – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of AZ3330 in the center of the wafer
(b) Spin: 300 rpm @ 110/s, 3 s; 1800 rpm @ 1210/s, 20 s; 1600 rpm @ 1870/s, 120 s
3. Soft bake step 1 – Hotplate
(a) 70°C, 1 min
(b) Slowly cool to RT on level surface for 5 min
4. AZP4620 application step 2 – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of AZ3330 in the center of the wafer
(b) Spin: 300 rpm @ 110/s, 3 s; 1800 rpm @ 1210/s, 20 s; 1600 rpm @ 1870/s, 120 s
5. Soft bake step 2 – Hotplate
(a) 100°C, 5 min
(b) Slowly cool to RT on level surface for 5 min
6. Hydration and relaxation
(a) 45 min at RT on level surface – Teflon wafer holder
7. Exposure – Karl Suss south aligner
(a) 90 s, constant intensity of 10 mW/cm2, 10 s hard contact, 50 μm alignment gap
8. Development – Solvent Bench
(a) Immerse in 400K 1:4 developer and agitate, 5-10 min
(b) Rinse with DI water and dry with nitrogen gun
9. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
10. Hard bake – Hotplate
(a) 110°C, 30 min
(b) Slowly cool to RT on level surface for 5 min
11. Flood Exposure – Karl Suss south aligner
(a) 120 s, constant intensity of 10 mW/cm2, 10 s hard contact, 50 μm alignment gap
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A.3 Techniglass GR-6544L Spin on Glass (SOG)
GR-6544L SOG (target < 100 nm) - used for a PECVD SiO2 filler material to produce
conformal PECVD SiO2 films:
1. Surface cleaning – PEII oxygen plasma descum
(a) 60 s, 200 W, 100 sccm O2
2. GR-6544L SOG dilution – Solvent Bench
(a) Dilution: mix GR-6544L SOG and IPA in pyrex dish
(b) Ratio: ((GR-6544L SOG:IPA) (1:10))
3. GR-6544L SOG application – Laurell Spinner
(a) Static Dispense: Pour 1-5 mL of GR-6544L SOG in the center of the wafer
(b) Spin: 6000 rpm @ 6000/s, 60 s
4. Soft bake – Hotplate
(a) 260°C, 10 min
(b) Slowly cool to RT on level surface for 5 min
A.4 Deposition Recipes
Chrome micropore etch mask (target 200 nm) - used as an etch mask when etching the
micropore feature in the top PECVD layers of the ARROW hollow core section:
1. Chrome Deposition – Denton E-beam
(a) 200 nm, 10 Å/s
2. SU8-3005 Photoresist Liftoff – Solvent Bench
(a) Immersed in piranha mixture ((H2SO4:H2O2) (1:1))
(b) 120°C, 10 min
(c) Rinse with DI water, IPA, and dry with nitrogen gun
3. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
Chrome micropore stopper etch mask (target 150 nm) - used as stop etch layer to protect a
thin SiN layer when etching the micropore feature in the top PECVD layers of the ARROW
hollow core section:
1. Chrome Deposition – Denton E-beam
(a) 150 nm, 10 Å/s
2. AZ3330 Photoresist Liftoff – Solvent Bench
(a) Immersed in and sprayed with Acetone
(b) RT, 5 – 10 min
(c) Rinse with IPA, and dry with nitrogen gun
3. Mechanical Scrub
(a) Immerse in Acetone
(b) Gently scrub wafer with foam cleanroom swab
(c) 1 – 2 min
4. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
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Chrome core expose protection mask (target 200 nm) - used as a protective layer during the
core expose etch to keep the bottom ARROW layers intact:
1. Chrome Deposition – Denton E-beam
(a) 200 nm, 10 Å/s
2. AZ3330 Photoresist Liftoff – Solvent Bench
(a) Immersed in and sprayed with Acetone
(b) RT, 5 – 10 min
(c) Rinse with IPA, and dry with nitrogen gun
3. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
Table A.1: PECVD 1 and PECVD 2 SiN and SiO2 ARROW layer deposition recipes.

PECVD 1
Parameter

PECVD 2

SiN-HT

SiN-LT

SiO2-bottom
Layers

SiO2-top layers

RF Power (W)

70

70

20

26

Pressure (Torr)

1.000

1.000

0.600

1.100

Gas 1 (sccm)

NH3
9.1

NH3
9.1

SiH4/He
119

SiH4/He
132

Gas 2 (sccm)

SiH4/He
192

SiH4/He
192

N2O
34

N2O
29

Temperature (°C)

250

100

250

250

Rate (nm/min)

12

12

45

35

Conformality Ratio

1.3

1.3

1.7

1.4

Thickness Variation

3%

3%

2%

7%

Table A.2: SiO2 PECVD deposition recipe using TEOS as a precursor gas.

Recipe
GSI
PECVD

Power

Pressure

TEOS

N2

O2

Temperature

Rate

(W)

(Torr)

(mL/m)

(sccm)

(sccm)

(°C)

(nm/min)

300

3

0.6

1500

475

250

322

303

Index
1.454

A.5 Etching Recipes
Piranha mixture (photoresist removal) - used to remove SU8 and highly crosslinked AZ3330
and AZP4620. Specifically, piranha is used to remove the SU8 sacrificial core, ridge mask,
micropore mask, and AZ3330 and AZP4620 high temperature sacrificial cores:
1. Piranha Mixture – Acid bench
(a) Mix: ((98% H2SO4 : 50% H2O2) (1:1))
(b) Add 30 mL of H2SO4 to 30 mL of H2O2
2. Place wafer in Teflon etching boat or custom chip holder and place into piranha mixture
3. Cover dish with a weighted lid and place on hotplate
4. Heat piranha mixture to 100-105°C by setting the hotplate to 130°C
5. Change the piranha mixture every 12 – 24 hours
6. Channel Cleaning
(a) Rinse and soak in DI water for 1 hour
(b) Soak wafer in DI water for 24 hours
(c) Rinse with IPA and dry with nitrogen gun
7. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
Chrome etchant (chrome removal) - used to remove chrome etch masks. Specifically it is used
to remove the chrome core expose, micropore stopper, and micropore etch masks:
1. Chrome etchant – Acid bench
(a) Pour: CEP-200 chrome etchant (removal rate 22 Å/s)
(b) Pour into Teflon container with screw on top
2. Place wafer in Teflon container and cover with lid
3. Remove wafer from Teflon container upon completion
4. Rinse with DI water and dry with nitrogen gun
5. Surface cleaning – PEII oxygen plasma descum
(a) 90 s, 50 W, 100 sccm O2
Table A.3: Etch recipes for the different ARROW fabrication processes.

Recipe
Anelva
(core expose and
micropore etch)
Trion
(ridge etch)

ICP

RIE

Pressure

CF4

(W)

(W)

(mTorr)

(sccm)

SiO2

SiN

–

300

100

25

135

207

550

75

12

50

320

520

304

Rate (nm/min)

B. ARROW WAVEGUIDE DESIGNS

The dielectric layer structures for the ARROW waveguides discussed throughout this
dissertation are presented here. Table B.1 shows an early design for the layer structure of
standard liquid core ARROW platforms when the conformality of our PECVD SiO2 films were
1.32. Table B.2 shows the current design for the layer structure of standard liquid core ARROW
platforms when with a PECVD SiO2 film conformality of 1.42. All of these layer designs and
optimizations were performed by the Applied Optics group at UCSC.
B.1 ARROW Liquid Core Designs

Table B.1: Layer structure for liquid core standard ARROW platforms with low index SiN (earlier design).

Parameters

Layer

Thickness
(nm)

Wavelength:

633 nm

Oxide 6

3016

Core:

Water

Nitride 6

128

Core Geometry:

Rectangular

Oxide 5

305

Nitride Index:

2.05

Nitride 5

146

Nitride Conformality:

1.20

Oxide 4

286

Oxide Index:

1.46

Nitride 4

132

Oxide Conformality:

1.32

Core

5000

Nitride 3

100

Oxide 3

268

Nitride 2

100

Oxide 2

268

Nitride 1

100

Oxide 1

268

Substrate (Silicon)

–
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Table B.2: Layer structure for liquid core standard ARROW platforms with low index SiN (current design).

Parameters

Layer

Thickness
(nm)

Wavelength:

633 nm

Oxide 6

1954

Core:

Water

Nitride 6

123

Core Geometry:

Rectangular

Oxide 5

300

Nitride Index:

2.05

Nitride 5

142

Nitride Conformality:

1.20

Oxide 4

285

Oxide Index:

1.46

Nitride 4

127

Oxide Conformality:

1.42

Core

5000

Nitride 3

93

Oxide 3

270

Nitride 2

93

Oxide 2

270

Nitride 1

93

Oxide 1

270

Substrate (Silicon)

–

Table B.3: Layer structure for liquid core SOC ARROW platforms and low index and low temperature SiN.

Parameters

Layer

Thickness
(nm)

Wavelength:

633 – 690 nm

Oxide 4

5000

Core:

Water

Nitride 4

132

Core Geometry:

Rectangular

Core

5000

Nitride Index:

2.05

Nitride 3

101

Nitride Conformality:

1.20

Oxide 3

261

Oxide Index:

1.46

Nitride 2

101

Oxide Conformality:

1.42

Oxide 2

261

Nitride 1

101

Oxide 1

261

Substrate (Silicon)

5 μm pedestal
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